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ABSTRACT

Avian vacuolar myelinopathy (AVM) is a neurologic disease of unknown etiology
that has severely impacted waterbirds and raptors in the Southern United States since it
was first diagnosed in 1994. Research studies have suggested that the causative agent is a
neurotoxin produced by a previously undescribed Stigonematalan cyanobacterium which
grows epiphytically on submerged aquatic vegetation. A suite of experiments were
conducted to determine if: (1) triploid Chinese grass carp (Ctenopharyngodon idella) are
an appropriate management strategy for AVM; (2) to measure mammalian susceptibility
to cyanobacterium exposure; and, (3) to discern population-level impacts to American
coots (Fulica americana) and bald eagles (Haliaeetus leucocephalus) on J. Strom
Thurmond Lake (JSTL), during an AVM epizootic. In order to determine a cause-effect
linkage, the existing body of AVM research was analyzed, and our working hypothesis
was critically tested using Hill’s epidemiology criteria, as adapted to ecotoxicology.
Grass carp that were fed hydrilla (Hydrilla verticillata) with the Stigonematalan
cyanobacterium in field and laboratory trials developed microscopic lesions, in the white
matter of the brain, that were similar to lesions seen in AVM-affected birds. Grass carp
that were fed hydrilla without the suspect cyanobacterium did not develop these lesions,
and chickens (Gallus domesticus) fed treatment and control grass carp tissues did not
develop AVM. Young swine (Scus scrofa) were fed hydrilla with the Stigonematalan
cyanobacterium, but did not develop clinical or histological symptoms of AVM.
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Bald eagle productivity on JSTL declined by 50% from the previous season and 7
of 12 bald eagle carcasses recovered were positively diagnosed with AVM. AVMattributed mortalities were severe in coots in localized regions, and coot carcasses were
scavenged quickly, which may have caused an underestimation of mortalities. However,
no effects in coots or other waterfowl were discernable at the reservoir-population level.
A strong cause-effect linkage was found between the presence of the suspect
cyanobacterium in systems and incidences of AVM. A weaker correlation was present
between incidences of AVM and declines in bald eagle productivity on JSTL and no
cause-effect linkage was evident between declines in coot populations and AVM on
JSTL.
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PREFACE

This dissertation was written in journal style and is divided into four chapters
preceded by a general introduction chapter and ending with a conclusions section.
Chapters 2-5, each representing a different research project, are comprised of an
introduction, methods, results, and discussion sections. The fifth chapter reviews and
analyzes research findings according to the epidemiological criteria as adapted to
ecotoxicology. Chapters 2-5 were prepared for publication, and therefore some repetition
may exist.

xvi

CHAPTER 1
GENERAL INTRODUCTION

Avian Vacuolar Myelinopathy (AVM) is a neurological disease primarily
affecting bald eagles (Haliaeetus leucocephalus) and American coots (Fulica americana)
in the Southern United States. The disease was first documented in during the winter of
1994-1995 at DeGray Lake, Arkansas (Thomas et al., 1998) and has since been
confirmed in 4 additional states: Texas, Georgia, North Carolina, and South Carolina
(Rocke et al., 2002; Augspurger et al., 2003; Fischer et al., 2006). AVM is responsible
for the death of over 100 bald eagles and estimated thousands of coots (Rocke et al.,
2002). Despite numerous investigations, the cause of AVM is unknown, although the
pathology and epidemiology of the disease suggest a naturally-occurring toxin.
AVM is characterized by the presence of microscopic vacuoles in the white
matter of the central nervous system (CNS), with rare involvement of the peripheral
nervous system (Thomas et al., 1998; Augspurger et al., 2003).

These lesions vary in

severity, and have been documented in the brainstem, optic lobe, white matter tracts in
the cerebrum, and the cerebellar folia of birds diagnosed with AVM (Thomas et al., 1998;
Larsen et al., 2002; Augspurger et al., 2003).

This ultrastructural change in brain tissue

is very distinctive and is used to positively diagnose AVM. This particular type of lesion,
called an intramyelinic edema, is caused by swelling and splitting of the lamellar myelin
at the intraperiod line, which leads to vacuole formation and subsequent fluid
accumulation (Duncan, 1985). The myelin sheath enables salutatory conduction of nerve
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impulses and myelinopathy can interrupt normal nerve impulse transmission (Duncan,
1985)). Behavioral symptoms of AVM are consistent with damages to the nervous
system, and include difficulty swimming or flying, limb paresis, decreased withdrawl
reflexes, and loss of righting reflex (Thomas et al., 1998; Larsen et al., 2002). Lesions
have persisted even after resolution of clinical symptoms (Larsen et al., 2002).
Characteristic AVM lesions have been documented in birds not exhibiting clinical
symptoms of the disease (Fischer et al., 2002). Partial to complete recovery has been
documented in American coots after removing the birds from the affected habitat (Larsen
et al., 2002). Bald eagles diagnosed with AVM have not survived longer than 24 hours
after capture even with intervention and veterinary care (Thomas et al., 1998; Birrenkott
et al., 2003).
AVM was first diagnosed during the winter of 1994-1995 at DeGray Lake in
Arkansas when 28 bald eagles were found dead or dying (Thomas et al., 1998). The
following winter, at nearby Lake Ouachita and Lake Hamilton, 26 more moribund or
dead bald eagles were recovered. Scientists from the National Wildlife Health Center
(NWHC), Madison, Wisconsin, USA conducted epidemiological studies and performed
diagnostic evaluations of recovered carcasses (Thomas et al., 1998). No association was
found with infectious agents, pesticides, herbicides, or heavy metals. No consistent gross
lesions or abnormalities were found except for microscopic lesions, most pronounced in
the white matter of the CNS. Several chemicals have been associated with intramyelinic
edema, including triethyltin, bromethalin, isonicotinic acid hydrochloride, and
hexachlorophene, but none were detected in tissues of affected birds.
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During the winter of 1997-1998, AVM was documented outside of Arkansas in
coots at Woodlake (Lake Surf), North Carolina and Lake Juliette, Georgia.

The

following winter AVM was documented in coots again at Woodlake and Lake Juliette,
and at several more locations: Lake J. Strom Thurmond (JSTL) on the Georgia-South
Carolina border, Lake Murray, and Parr Pond on the Savannah River Site (SRS), both in
South Carolina.

In addition to coots during the winter of 1998-1999, AVM was

documented in 2 ring-neck ducks (Aythya collaris), 6 mallards (Anas platyrhynchos) and
2 bufflehead ducks (Bucephala albeola) at Woodlake (Augspurger et al., 2003). During
this time period, AVM-attributed bald eagle mortalities were confirmed at SRS, Lake
Juliette, Woodlake, and JSTL.

The largest AVM-bald eagle mortalities, outside of

Arkansas, occurred at JSTL during the winters of 2000-2001 and 2001-2002, when 23
carcasses were recovered. To date, AVM has been the confirmed or suspected cause of
44 bald eagles mortalities at this reservoir. During active disease surveillance on JSTL,
AVM was diagnosed in 16 Canadian geese (Branta canadensis), 6 coots, 2 great-horned
owls (Bubo virginianus), and 1 killdeer (Charadrius vociferus) (Fischer et al., 2006).
Continued disease surveillance of affected sites has documented AVM mortalities
in coots and bald eagles each year, with lower incidences in waterfowl (Fischer et al.,
2006; Wilde, unpubl. data).

Recently, AVM mortalities have been documented in

smaller reservoirs and residential ponds in Georgia and North Carolina, and at a small
farm pond in South Carolina nearby JSTL (Wilde et al., 2005; Fischer et al., 2006). Prior
to these findings, AVM had only been documented in reservoirs larger than 450 ha.
South Carolina alone has 19 reservoirs larger than 450 ha, but 1,598 reservoirs larger than
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4 ha, and an estimated 60,000 small farm and residential ponds (Wilde et al., 2005;
Wilde, unpubl. data).

If these small systems are susceptible to AVM, then outbreaks

may occur undetected in isolated locations.
The pathology and epidemiology of AVM suggest that it is caused by a naturallyoccurring neurotoxin. AVM is not transmissible between birds: farm-raised mallards
housed with affected coots did not contract the disease (Larsen et al., 2003). These
findings and the lack of an inflammatory response in tissues, suggests that the probability
of a bacterial or viral infectious agent is very low.

Rocke et al. (2002) conducted a 4-

year study in which healthy wild coots and farm-raised mallards were released onto
Woodlake. The released birds exhibited clinical symptoms within 5-7 days, and AVM
was confirmed after histological analysis of brain tissues. These results indicate that
AVM is contracted on-site and, because symptoms manifest quickly, is acutely toxic.
Birds released onto the same site during summer and early fall did not develop clinical
symptoms or lesions (Rocke et al., 2002). The results suggest that AVM is seasonal,
occurring from late fall to winter, most severe in November and December.
Despite numerous investigations, the cause of AVM remains elusive.

As

previously discussed, the NWHC performed diagnostic examinations on coot and bald
eagle tissues recovered from the first outbreaks (Thomas et al., 1998). The tissues were
analyzed for a wide spectrum of inorganic and organic compounds known to elicit
intramyelinic edema, but concentrations sufficient to produce effects were not detected.
Dodder et al. (2003) attempted to identify the toxicant by quantitative chemical analyses
of the lipophilic organic compounds present in coot tissues and sediment samples taken
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from both affected and unaffected sites. Although contaminants were detected in the
samples, no single compound was unique to AVM-affected sites. Extracts from toxic
plants native to Africa and Australia (Stypandra imbricata and Heliochrysum
argyrosphaerum) are known to produce intramyelinic edema, however these species do
not occur in North America (Fischer et al., 2003).
Although the causative agent has not been identified, studies have indicated that
AVM transmission is dietary. Fischer et al. (2003) documented AVM in red-tailed
hawks (Buteo jamaicensis) that had been fed tissues from AVM-positive coots. This link
suggests that, in the wild, bald eagles become infected with AVM after feeding on
affected coots. Coots’ winter migration coincides with AVM events, and coots are a
preferred prey item of bald eagles during this time period (Griffin, 1982; Bryan et al.,
1998).
After dietary transmission was demonstrated in the laboratory, food items from
affected reservoirs were examined. Each reservoir where AVM had been documented
contained some type of submerged aquatic vegetation, which serves as the primary food
source of overwintering coots (Hardin et al., 1984; Elser, 1989). Invasive exotic species,
including hydrilla (Hydrilla verticillata), Eurasian watermilfoil (Myriophyllum spicatum),
and Brazilian elodea (Egeria densa), were most common and represented the largest
biomass at each site (Wilde et al., 2005). Mallard ducks gavaged with hydrilla collected
from Woodlake did not develop AVM (Larsen et al., 2003). However, the investigators
suggested that the quantity of material the birds ingested or duration of the study (7d)
may not have been sufficient to induce AVM.
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A number of in-depth laboratory studies have shown that birds develop AVM
after ingesting aquatic vegetation collected from AVM reservoirs during late fall-winter
months.

These studies documented AVM in mallards, coots, and chickens (Gallus

domesticus) after ingesting hydrilla collected from JSTL during an AVM epizootic
(Birrenkott, 2003; Birrenkott et al., 2004; Lewis-Weis et al., 2004; Rocke et al., 2002;
Wiley et al., 2007a; Haynie, Chapters 2,3).

These studies ranged from 14d to 7 weeks,

and birds were fed, ad libitum, hydrilla and any associated epibiota. Hydrilla alone is not
suspected to be the causative agent. Hydrilla is not present at all AVM sites and is
plentiful in areas where AVM has not been documented. However, it appears that
something associated with the aquatic plant matrix is the culprit.
The biota growing epiphytically on and associated with aquatic vegetation
samples from affected reservoirs was characterized in 2001 (Wilde et al., 2005).
Pseudanabaena catenata and an unknown species within the Order Stigonematales, were
the 2 most abundant species found on hydrilla collected from JSTL during a November
2001 AVM-outbreak (Wilde et al., 2005). The latter species, originally thought to be
Haplosiphon fontanalis, was determined to be a novel species in the Order
Stigonematales (Williams et al., 2007). This species can cover up to 95% of the surface
area of aquatic plant leaves (primarily hydrilla) in reservoirs where AVM-attributed
mortalities have been documented. In addition, the species is rare or not found on
hydrilla collected at sites where AVM has not been diagnosed (Wilde et al., 2005). A
gene-specific real-time polymerase chain reaction (PCR) probe was successfully
developed, and is used to detect the presence of the Stigonematalan cyanobacterium in
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aquatic vegetation collections (Williams et al., 2007). Our working hypothesis is that
AVM is caused by an uncharacterized neurotoxin produced by this novel cyanobacterium
(Birrenkott et al., 2004; Wilde et al., 2005; Williams et al., 2007; Wiley et al., 2007a,b;
Wiley, 2007).
Mallard ducks and coots were gavaged with laboratory cultures of this novel
cyanobacterium, but did not develop AVM (Wilde, unpubl. data). These results do not
necessarily disprove the hypothesis: the cultures may not have been actively producing
the toxin, or the birds may not have ingested sufficient quantities to cause AVM.
Laboratory feeding studies using naturally occurring blooms of the suspect
cyanobacterium on hydrilla leaves have induced AVM in farm-raised mallard ducks
(Birrenkott et al., 2004; Wiley et al., 2007a). Mallards fed hydrilla material without the
suspect cyanobacterium, collected from sites where AVM has not been diagnosed, did
not develop AVM. Presence or absence of the suspect cyanobacterium was confirmed
using the real-time PCR assay before use in the feeding studies.
Researchers have also hypothesized that seasonality plays an important role in the
availability of the suspect toxin. AVM bird deaths are only observed during winter
months, with a peak late November. This time period is when migratory birds arrive and
water temperatures in the Southeastern United States drop to 15-20°C (Wilde et al.,
2005). Senescing vegetation and lake-turnover may supply nutrients necessary for toxin
production by the suspect cyanobacterium that are unavailable throughout the remainder
of the year (Wilde, unpublished. data).

Resident Canada geese were collected and

euthanized during the summer from reservoirs with a history of AVM. Histological
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analysis of these birds did not reveal AVM-characteristic lesions (Rocke et al., 2005;
Fischer et al., 2006).
Recent studies have focused on the extraction and identification of the suspect
toxin. A solvent extraction procedure was developed and used to obtain a putative
extract of hydrilla and associated epiphytes (Wiley et al., 2007b). Hydrilla was collected
from sites where AVM epizootics had been documented and sites with no known history
of AVM, and the samples were then screened for presence or absence of the suspect
cyanobacterium and other epiphytes. The vegetation was extracted using hexanes,
acetone, and methanol and administered via oral gavage to mallards during a 4-week
trial. Mallards were also gavaged with live cultures of the Stigonematlan
cyanobacterium. AVM- characteristic lesions were documented in all mallards (n=3) that
received the methanol extract, and mild to suspect lesions were apparent in brain tissues
of birds that received the acetone fraction. No clinical behaviors were observed in any
birds. This study supports the cyanobacterium hypothesis and shows that methanol is a
suitable solvent for toxin extraction. This study also indicates that the toxin is at least
moderately water soluble and not extremely volatile, since it survived extensive
lyophilization. The hydrilla material extracted in this study was stored at -20°C for up to
2 years, and therefore the toxin is relatively stable.
The crude methanol extract was further fractionated and its toxicity was evaluated
in vivo and in vitro assays (Wiley, 2007). Several fractions, covering a full range in
polarity, were isolated from this crude extract. Young chickens and mice were gavaged
with these extracts. No animals exhibited clinical behaviors during the trials, and
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histological examinations yielded inconclusive results. Using established cell lines,
several endpoints were evaluated including: cytotoxicity, mechanism of cell death
(apoptosis v. necrosis), morphological and cytoskeletal changes, and cell cycle
disruption, in development of the in vitro assay. Fractionated extracts and the original
crude methanol extract induced significant cell-cycle arrest in C6 rat glioma cells.
Extracts from unaffected reservoirs either failed to induce or induced mild effects at this
endpoint. The in vitro assay successfully detected toxicity in both crude methanol and
fractionated extracts, but because the results from the in vivo fractionation assay were
inconclusive the presence of the AVM toxin could not be confirmed in the fractions.
Further research is necessary to refine the extraction procedure in order to obtain
a more pure form of the toxin. A cleaner toxin extract will allow for quantitative
analyses to determine the toxin’s chemical properties and mechanism of action.
Refinement of the in vitro assay will provide a valuable toxin-screening tool and help to
establish a better timeline of toxin production in the environment. There is still no
method to quantitatively measure the amount of toxin present in environmental samples.
Research focused in this area will ultimately lead to establishment of a quantitative doseresponse relationship.
In addition to determining the etiologic agent of AVM, there are other areas in
which research is needed. AVM poses a major threat to the health of waterbird and
predatory bird, namely bald eagle, populations in the Southeast. Management strategies
for reservoirs affected by AVM have been posed but previously not investigated.
Depending on the extent of invasive aquatic vegetation, herbicide, algaecide, and
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biological control, are management options. One mitigation strategy to protect birds
from the toxin associated with AVM is to eliminate aquatic plants that provide substrate
for the suspect cyanobacterium. Triploid Chinese grass carp (Ctenopharyngodon idella),
hereafter grass carp, have been used in successful, cost-effective, and long-term
vegetation control in large, man-made reservoirs, similar to those affected by AVM
(Sutton, 1965; Sutton and VanDiver, 1986; Wattendorf and Anderson, 1986; Leslie et al.,
1987). However, a number of questions must be answered before this type of biological
control program can be initiated. It is unknown whether ingesting aquatic vegetation and
the associated toxin-producing cyanobacterium will cause AVM or behavioral effects in
grass carp. If the suspect toxin is accumulated in grass carp, they may serve as a disease
vector to piscivorous birds. Before grass carp can be used as a mitigation tool their
susceptibility to AVM and vector potential must be investigated.
AVM has not been documented in mammals during field studies or laboratory
trials (Birrenkott, unpubl. data; Lewis-Weis et al., 2004; Rocke et al., 2005; Fischer et al.,
2006; Wiley, 2007). Tissues collected from coots diagnosed with AVM were fed to
young domestic swine but no AVM-characteristic lesions or behaviors were observed
(Lewis-Weis et al., 2004).

Lesions were not detected in muskrat (Ondatra zibethicus)

and beaver (Castor canadensis) collected during mammalian surveillance at North
Carolina reservoir (T. Rocke, unpubl data). Epidemiologic and diagnostic studies
performed by the Southeastern Wildlife Disease Study (SCWDS) on JSTL from OctoberMarch during 1998-2004 did not document AVM in 10 beavers (Castor canadensis), 4
raccoons (Procyon lotor) and 1 gray fox (Urocyon cinereoargenteus) collected and
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examined (Fischer et al., 2006). However, neurologic impairment and death of beavers,
including 1 at JSTL in November 2001, during AVM epizootics have been observed
(Fischer et al., 2006). Consumption of wild game and waterfowl from affected
reservoirs may put humans at risk for exposure to the etiologic agent, and therefore
further research regarding mammalian susceptibility is warranted.
Disease surveillance conducted by SCWDS during late fall-winter from 19982004 on JSTL established that 17-94% of coots collected exhibited the characteristic
AVM brain lesion (Fischer et al., 2006). Coot carcasses are rarely found even though
hundreds of symptomatic coots are observed during an AVM outbreak (Thomas et al.,
1998). Sick birds tend to seek heavy cover and elude capture, and carcasses of affected
birds may be scavenged quickly, therefore AVM morbidity and mortality could be
underestimated at JSTL.
The recovery potential and long-term effects of AVM are unknown. The severity
of clinical symptoms does not appear to be indicative of marked or severe brain lesions
(Rocke et al., 2002). Characteristic lesions in rehabilitated coots have persisted for up to
65 d after resolution of clinical symptoms (Larsen et al., 2002; Rocke et al., 2002). AVM
lesions have been documented in birds not exhibiting clinical symptoms of the disease
and have been absent or mild in severely impaired birds (Fischer et al., 2002). These
epidemiological aspects must be investigated in order to determine the impact of AVM
on populations of wild birds.
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There were 4 objectives of this dissertation:
(1) Determine if grass carp are affected by ingestion of vegetation
containing the suspect AVM toxin, and if these same fish will
serve as a disease vector when consumed by predatory birds.
(2) To assess mammalian susceptibility in swine feeding directly on
aquatic vegetation containing the suspect cyanobacterium.
(3) Assess an AVM epizootic on JSTL to determine the effect of
AVM on migratory waterbird populations and bald eagle
productivity, mortality rates in American coots, and carcass
scavenging rates to better evaluate the severity the
outbreak.
(4) Summarizes the existing body of AVM research, and critically
tests our working hypothesis according to the epidemiological
criteria in order to identify a causal link between AVM and the
suspect toxin-producing cyanobacterium.
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CHAPTER 2:
INVESTIGATING THE SUCEPTIBILITY AND VECTOR POTENTIAL OF
TRIPLOID CHINESE GRASS CARP TO AVIAN VACUOLAR MYELINOPATHY

Introduction
Avian Vacuolar Myelinopathy (AVM) is a neurological disease affecting
waterbirds and their avian predators in the Southern United States. The disease was first
documented in the winter of 1994 at DeGray Lake, Arkansas when 28 bald eagles
(Haliaeetus leucocephalus) were found dead or dying. Since then AVM bird deaths have
been confirmed in reservoirs from Texas to North Carolina, and is responsible for the
death of over 100 bald eagles and thousands of American coots (Fulica americana)
(Rocke et al., 2002). AVM is characterized by microscopic lesions in the white matter of
the central nervous system, and are often most severe in the optic lobe. The AVMspecific lesion is classified as an intramyelinic edema (Thomas et al., 1998). AVM is
site-specific and disease onset and mortality can be very quick (<5 days) (Rocke et al.,
2002; Wiley et al., 2007a). Clinical symptoms include difficulty swimming and flying,
loss of righting reflex, and a wobbly gait. Lesions have persisted even after resolution of
clinical symptoms (Larsen et al., 2002).

Characteristic AVM lesions have been

documented in birds not exhibiting clinical symptoms of the disease (Fischer et al.,
2002). Partial to complete recovery has been documented in coots after removing the
birds from the affected habitat (Larsen et al., 2002). Bald eagles diagnosed with AVM
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have not survived longer than 24 hours after capture even with intervention and
veterinary care (Thomas et al., 1998; Birrenkott et al., 2003).
The specific cause of AVM is unknown although research suggests the etiologic
agent is a naturally produced neurotoxin. Several man-made chemicals produce
myelinopathies, including triethyltin, bromethalin, isonicotinic acid hydrochloride, and
hexachlorophene. None of these lesion-producing compounds have been detected in
water, soils, plants or tissues where AVM has been diagnosed in concentrations known to
cause detrimental effects in wildlife (Thomas et al., 1998; Dodder et al, 2003).
Our working hypothesis is that the disease agent is an uncharacterized neurotoxin
produced by a novel cyanobacterial epiphyte in the Order Stigonematales. A novel
epiphytic cyanobacterium, in the Order Stigonematales, has been identified both
morphologically and genetically using real-time polymerase chain reaction (PCR), on
aquatic plant samples collected from sites where bird deaths have been attributed to
AVM (Wilde et al., 2005; Williams et al., 2007). This epiphytic species can cover up to
95% of the surface area of aquatic plant leaves, primarily hydrilla (Hydrilla verticillata),
Eurasian watermilfoil (Myriophyllum spicatum), and Brazilian elodea (Egeria densa), in
reservoirs where bird deaths have occurred from AVM. Furthermore, the species is rare
or not found on aquatic plants collected at sites where the disease has not been diagnosed
(Wilde et al., 2005; Williams et al., 2007).
Cyanobacteria proliferate in almost any terrestrial or aquatic environment on
Earth. Numerous species produce toxins that harm fish and wildlife: species and strains
of Anabaena, Aphanizomenon, Oscillatoria, and Trichodesmium produce neurotoxins
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(Carmichael, 1992; Fawell et al., 1993; Gupta, 1998). AVM mortality events have only
been documented from October through March, thus suggesting that seasonal
environmental fluctuations trigger the cyanobacterium to begin toxin production (Rocke
et al., 2002; Wilde et al., 2005).
Research trials have illustrated that disease transmission is dietary. In laboratory
feeding studies farm-raised mallard ducks (Anas platyrhynchos), fed hydrilla (Hydrilla
verticillata) with naturally occurring epiphytic blooms of the suspect cyanobacterium
developed both clinical and histological symptoms of AVM (Birrenkott et al., 2004;
Wiley et al. 2007a). Non-releasable red-tail hawks (Buteo jamaicensis) fed AVMpositive coot tissues developed characteristic brain lesions (Fischer et al., 2003). AVM
has not been demonstrated in mammals in laboratory trials or field studies (Birrenkott,
unpubl. data; Lewis-Weis et al., 2004; Rocke et al., 2005; Fischer et al., 2007; Wiley,
2007; Haynie, Chapter 3).
One mitigation strategy to protect birds from the toxin associated with AVM is to
eliminate aquatic plants that provide substrate for the suspect cyanobacterium. Triploid
Chinese grass carp (Ctenopharyngodon idella), hereafter grass carp, have been used in
successful, cost-effective, and long-term vegetation control in large, man-made
reservoirs, similar to those affected by AVM (Sutton 1965; Sutton and VanDiver, 1986;
Wattendorf and Anderson, 1986; Leslie et al., 1987). However, a number of questions
must be answered before this type of biological control program can be initiated.
It is unknown whether ingesting aquatic vegetation and the associated toxinproducing cyanobacterium will cause AVM in grass carp. Studies have shown that fish,
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specifically cyprinoids, are susceptible to harmful effects caused by certain cyanotoxins,
such as microcystin, saxitoxin, and anatoxin-a (Oberemm et al., 1999; Bláha et al., 2004;
Palíková et al., 2004). Cyanotoxins may affect fish in any life stage and elicit a wide
range of effects: developmental, histological, morphological, and lethality. Fish
mortality would be undesirable from a monetary standpoint as stocking a reservoir with
triploid grass carp represents a sizable investment.
Predatory birds contract AVM after feeding on affected herbivorous birds, and it
is important to determine if this mode of disease-transmission is the same from fish to
birds. Bioaccumulation of cyanotoxins in fish tissues has also been documented
(Magalhães, et al., 2000; Ibelings, et al., 2007). If the suspect toxin is accumulated in
grass carp, they may serve as a disease vector to piscivorous birds. Although it was
outside the scope of this project, it is important to assess whether the life history of the
grass carp would make it vulnerable as a prey item of a raptor, particularly a bald eagle.
In order to answer the questions regarding the potential use of grass carp to
control invasive aquatic plants in systems affected by AVM we conducted a series of
field and laboratory experiments. The objectives of this study were: to determine if grass
carp are affected when feeding on aquatic vegetation with the suspect cyanobacterium;
and, if these fish will function as vectors of the AVM toxin if consumed by predatory
birds.
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Methods
Animal care
Housing, handling, and all experimental procedures using mallards, chickens
(Gallus domesticus), grass carp, and tilapia (Tilapia aureus) were approved by the
Clemson University Animal Research Committee (Animal Use Protocols 50021, 50044,
50020 and 50026, respectively). Mallard ducks were wing-clipped and leg banded for
identification. Chickens were leg-banded for identification. Birds were monitored
during twice-daily feeding and cleaning periods for any signs of AVM-characteristic
neurological impairment. Due to the conditions of captivity, AVM characteristic
behavior (i.e., difficulty flying, taking off, swimming) was difficult to observe. Birds
displaying clinical symptoms of the disease or that lost greater than 10% of their body
weight were euthanized immediately. All birds were euthanized using a pre-charged CO2
chamber (Euthanex®, Euthanex Corp, Palmer, Pennsylvania, USA). Tilapia were
euthanized using1.0 g/l in-tank tricaine methanesulfonate (MS-222; Finquel®, Argent
Chemical Laboratories, Inc., 8702 152 Ave. NE, Redmond, Washington, USA) and grass
carp were euthanized by decapitation.
All animals were obtained from University-approved dealers. Mallard ducks
were purchased from Frost Waterfowl, Georgetown, South Carolina, USA. Chickens
were acquired from Clemson University’s Morgan Poultry Farm, Clemson, South
Carolina, USA. The Santee Cooper Aquaculture Center, Cross, South Carolina, USA
donated the grass carp, and the Clemson University Aquaculture Research Center,
Clemson, South Carolina, USA provided tilapia.
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Study Site
All field studies were performed at a privately-owned pond, with no connecting
tributaries, nearby a large reservoir affected by AVM. Davis Pond (33°42’23”N,
82°08’15”W) is a 1.6-ha farm pond in Edgefield County, South Carolina, USA. Davis
Pond is approximately 6.8 km east of J. Strom Thurmond Lake (JSTL), the last large
reservoir on the Savannah River which forms the Georgia-South Carolina border.
Approximately 5% of JSTL’s 28,000-ha surface is infested with hydrilla, and AVMattributed bird mortalities have been documented on the reservoir annually since 1998
(Fischer, et al 2006). Hydrilla first colonized Davis Pond in November 2003 and at the
beginning of this trial approximately 80% of the surface area was covered with hydrilla.
Hydrilla leaves, collected from Davis Pond, were viewed microscopically and the suspect
cyanobacterium covered 40 – 90% of the leaf surface. Morphological identification was
confirmed using a real-time PCR probe (Williams et al., 2007). In November 2003 a
sentinel mallard trial at Davis pond confirmed that the hydrilla-cyanobacterium complex
produced AVM in these mallards (Wilde et al., 2005).

Grass Carp Field Trial
Two 15x15 m enclosures were constructed in Davis Pond where the hydrilla had
completely “topped out”, or reached the surface. The mean depth of the enclosures was
approximately 1.2 m and sloped sharply towards the middle of the pond. The enclosure
was built from open-weave plastic safety fencing (Tenax™, Utility Safeguard,
Southampton, Pennsylvania, USA) secured to 2.5 cm braided steel cables. The cables
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were strung between 3.7 m metal poles (industrial grade electrical conduit), which were
driven ~1 m into the sediment. The poles were reinforced with braided steel cables
staked into the sediment.
Fifty, 25 cm grass carp were stocked into the enclosure on 23 October 2004.
Hydrilla consumption and fish mortality were monitored daily. No mortalities were
observed and the hydrilla coverage was reduced quickly inside the enclosures due to
grass carp herbivory.
On 1 December 2004, 23 grass carp were removed from the enclosures using a
drag seine. The fish were euthanized and necropsies were performed immediately. The
carcasses were placed in freezer bags and transported on ice to the Clemson Institute of
Environmental Toxicology (CIET) Pendleton, South Carolina USA where they were
stored at -20°C for use in chicken feeding trials.

Sentinel Mallard Field Trial
Mallards were used as sentinels to indicate whether the suspect AVM toxin was
present during the field experiments. Mallards have shown susceptibility to AVM in
field and laboratory trials (Rocke et al., 2002; Ausberger et al., 2003; Birrenkott et al.,
2003; Wiley et al., 2007a). Twenty adult female mallards were released at Davis Pond on
24 October 2004. To ensure the mallards remained on-site, the entire primary and
secondary feathers on their right side were clipped. The mallards were monitored daily
for characteristic AVM behavior. On 1 December 2004 the mallards were collected
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using a drive trap and dip nets. The birds were euthanized on-site and necropsies were
performed immediately.

Hydrilla collection, screening
Hydrilla was collected as needed from predetermined sites throughout the feeding
trials. Epiphytic algal communities have been characterized from hydrilla samples where
AVM has been documented. The assemblages included Bacillariophyceae (diatoms),
Chlorophyta (green algae), and Cyanophyta (cyanobacteria) (Wilde et al., 2005).
Therefore, the material used in these studies was an epiphytic assemblage of aquatic biota
associated with hydrilla and is referred to as “hydrilla material” (Birrenkott et al., 2004).
Although many native and exotic aquatic plants provide substrate for the Stigonematalan
cyanobacterium and some have been attributed to AVM bird deaths, hydrilla was the
most plentiful aquatic plant in our study area with this cyanobacterium (Wilde et al.,
2005).
Hydrilla material samples were examined microscopically to determine the
presence and abundance of the Stigonematalan cyanobacterium following each collection
and prior to use in the feeding study. Several samples from each collection are examined.
Three randomly selected entire leaves from each sample were mounted on a glass slide
and epiphytes were identified morphologically using epifluorescent microscopy (Figure
1). The families Cyanophyta, Chlorophyta, and Bacillariophyceae were most commonly
represented. Stigonematales abundance was expressed as percent surface area coverage:
present (1-25%); common (26-50%); abundant (51-75%); or dominant (76-100%).
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Real-time PCR was used to genetically confirm the presence of the Stigonematalan
cyanobacterium identified morphologically from the samples (Williams et al., 2007).

Figure 1: (L) Image of the Stigonematalan cyanobacterium in culture, 40X light, and (R)
Epiflourescent image (using Rhodamine Red filter set) showing phycobiliprotein
fluorescence of colonies growing epiphytically on a hydrilla leaflet, 20X light.
Two types of hydrilla material were used in this study, “treatment” and “control”.
Hydrilla material with the associated suspect cyanobacterium is referred to as “treatment”
and hydrilla material without the cyanobacterium is referred to as “control”. Control
hydrilla material was collected from Potato Creek Embayment on Lake Marion, South
Carolina, USA (33°32’18”N, 80°16’05”W). This 44,500-ha reservoir has no known
history of AVM but has an abundance of hydrilla and associated epiphytes. The
Stigonematalan cyanobacterium has never been found on hydrilla material from this
reservoir and samples from the collections are examined to confirm the cyanobacterium
is absent before using in the trials. Treatment hydrilla material was collected from
Petersburg Cove on JSTL (34°40’40”N, 82°13’0”W). Treatment and control hydrilla
material were collected from depths ranging from 0.5 to 1.4 m. The material was stored
in 45 L plastic bins with drainage holes for transport to CIET, and were then stored in
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labeled 4L freezer bags at -20°C. Hydrilla material from these sites has been used in
previous feeding trials that produced AVM in treatment birds (Birrenkott et al., 2004;
Wiley et al., 2007a). Investigations using frozen hydrilla material have been shown to
induce AVM in mallards (Fischer et al., 2003; Lewis-Weis et al., 2004; Wiley et al.,
2007a).

Grass carp laboratory trial
The laboratory grass carp feeding trial was conducted in a CIET greenhouse.
Well water was aerated in a reservoir tank (115V agitator, Aquatic Ecosystems, Apopka,
Florida, USA) before entering our tank system: four 2271-L tanks (Rowland Fiberglass
Inc., Fiberglass Fabricators, Ingleside, Texas, USA). By manipulating the temperature
inside the greenhouse we were able to maintain the water temperature at approximately
19°C. Each tank had a screened standpipe drain and was flushed at a rate of 2.4
exchanges per day. The tanks were aerated using a central 12V compressor and 2
diffusers per tank (Sweetwater® 15x3.75 cm glass bonded silica, Aquatic Ecosystems,
Apopka, Florida, USA). The tanks were divided into two groups, control and treatment,
and each group had a separate filtration system to prevent cross contamination. Caged
4.8 amp submersible pumps in each tank continually pulled water and waste off the
bottom of the tank and forced it through a biofilter (Biofill™ media PVC ribbons,
Aquatic Ecosystems, Apopka, Florida, USA) before it re-entered the respective system.
Two-hundred 15 cm tilapia were stocked into the tanks 3 weeks before grass carp
introduction to acclimate the biofilters. The tilapia were removed and euthanized prior to
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grass carp stocking. Dissolved oxygen and temperature were monitored twice daily.
Other water quality parameters, including, hardness, alkalinity, pH, nitrite, nitrate, and
ammonia, were assessed weekly.
Fifty 25.4 cm carp were stocked into each tank on 4 November 2004 (n = 200).
Fish were stocked in sequential lots to equalize mean fish weight, approximately 15 kg
for each tank. Two tanks received treatment hydrilla material and two received control
material. Hydrilla material was thawed overnight and distributed into the tanks as
needed, normally once daily. Each tank received approximately 1500-3000 g wet weight
(ww) of hydrilla material per day. Excess liquid was squeezed from the hydrilla material
before weighing, but the mass still included some water. Although grass carp find
hydrilla highly palatable, there was an anticipated acclimation period during which the
fish switched from floating pellet feed to a vegetative diet. Therefore, floating pellet feed
(Cargill® Farm Pond Fish Floater, Minneapolis, Minnesota, USA) was provided as a
supplement until the grass carp consumed the hydrilla without hesitation (approximately
3 days). The grass carp were removed and euthanized 11 December 2004. A 20 fish
subset was randomly selected from each the control and treatment groups for histological
analysis.

Sentinel mallard laboratory trial
To determine if the hydrilla material fed to the grass carp in the laboratory
contained the suspect AVM toxin, a concurrent sentinel mallard trial was conducted. On
25 October 2004, 20 female adult mallards were transported to Godley Snell Animal
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Research Center (GSRC) at Clemson University. The mallards were randomly
distributed into 4 groups of 5 and were given clean deionized water and 40 L “swim
tanks”. During a brief acclimation period commercial duck chow (Purina® Flight
Conditioner, St. Louis, Missouri, USA) was available ad libitum. Once the birds were
acclimated to their new environment, hydrilla material was placed in their swim tanks
and accounted for an estimated 60-80% of their diet. Each group received approximately
1250 g ww daily (1000-1600 g ww): 3 groups received treatment hydrilla material and 1
group received control hydrilla material. Hydrilla material was thawed overnight prior to
each feeding. To determine mass of diet consumed, any remaining hydrilla material in
the swim tank was squeezed dry, weighed and subtracted from the previous feeding
input. Commercial feed was presented twice daily for one-hour periods to ensure
adequate nutrition. During these periods, kennels were cleaned, food and water
replenished, and hydrilla material was replaced. At the end of the 4-week experiment,
the mallards were euthanized and necropsies were performed.

Chicken laboratory trial: Trophic transfer
AVM lesions have been documented in chickens fed hydrilla and the associated
suspect cyanobacterium (Lewis-Weis et al., 2004). Adult female chickens were housed 3
per cage (n = 27) at GSRC. The chickens were given clean deionized water, and nesting
boxes. Commercial poultry feed (Purina® Home Grown™ Lay Crumbles, St. Louis,
Missouri, USA) was available ad libitum during the acclimation period. The birds
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readily consumed the experimental diet and so we did not supplement with commercial
feed.
Treatment began 16 February 2005. One group of birds received commercial
poultry feed for the duration of the study. Eight groups of birds were fed an experimental
diet twice daily. The experimental diet was comprised of portions of tissues
(gastrointestinal tract, muscle, entire fish) from each grass carp trial incorporated into a
nutritionally complete basal diet. We included “entire fish” in order to incorporate
nervous tissue into the diets. Diet formulations were prepared daily. Each grass carp
tissue group was thawed overnight, homogenized in a blender (Waring® 700G, Fischer
Scientific, Pittsburgh, Pennsylvania, USA) and any large bone fragments were removed.
The tissues were then weighed and incorporated into the basal diet using an industrial
dough mixer (Waring®, Torrington, Connecticut, USA). The diet formulations were
comprised of approximately 400 g of basal diet and 50g (gastrointestinal tract) to 600g
(entire fish) of fish material. If any food remained before the next feeding it was
removed, weighed and subtracted from the original amount. The birds were euthanized
and necropsies were performed after the 4-week treatment period.

Tissue collection and processing
Immediately following euthanasia, brains were extracted from all experimental
animals, weighed and placed in 10% buffered formalin. All histology slides were
prepared according to the same protocol: One half the brain and spinal cord, if present,
were fixed in 10% buffered formalin, embedded in paraffin, sectioned at 5 μm, stained
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with hematoxylin and eosin (Southeastern Cooperative Wildlife Disease Study
(SCWDS), Athens, Georgia, USA). Dr. John Fischer, a SCWDS veterinary pathologist,
examined the avian histology slides. Dr. John Grizzle, Department of Fisheries and
Allied Aquaculture, Auburn University, Auburn, Alabama, USA, examined the grass
carp histology slides. All histology slides are archived at the South Carolina Department
of Natural Resources Marine Resources Research Institute (SCDNR-MRRI, 217 Fort
Johnson Road, Charleston, South Carolina, USA).
Liver, kidney, crop, intestine, adipose, pectoral tissues, and whole blood were
collected from each mallard and chicken. The tissues were wrapped in foil, placed in
specimen bags (Whirlpak®, Nasco, Fort Atkins, Wisconsin, USA), and archived at -20°C
at CIET.
Liver, gallbladder, gastrointestinal tract, and muscle tissue were collected from
both the control and treatment grass carp subsets and stored at -20°C at CIET for future
analyses. The remaining grass carp were processed for the chicken feeding trial. The
tissue fractions were collected during the necropsies, wrapped in foil and archived in
labeled freezer bags at -20°C.

Results
Grass carp trials
Field and treatment laboratory grass carp developed suspicious lesions in different
portions of the white matter of the brain. Histology revealed lesions in the tegmentum,
optic lobe, and medulla in ~42% (n= 43) of the grass carp exposed to hydrilla with the
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suspect cyanobacterium: 55% (n=20) from the field and ~30% (n=23) from the treatment
laboratory group. At the end of the 6-week period hydrilla coverage inside the enclosures
on Davis Pond had decreased from 100% to approximately 50%. No abnormal behaviors
or mortalities were observed in the grass carp during the field or laboratory studies. Light
microscopy revealed vacuoles in the brain tissue of both control and treatment fish, but
more pronounced lesions were apparent in fish from both the treatment laboratory group
and the field study (Table 1). Grass carp from the field study had developed lesions in
the tegmentum, the ventral portion of the midbrain (Figure 2a). These lesions were not
evident in the tegmentum of grass carp from the laboratory group that was fed control
hydrilla material (Figure 2b). Laboratory fish fed treatment material developed lesions
that were most severe in the optic tectum (Figure 3a, 4a). Histology did not reveal
lesions in the optic tectum of laboratory grass carp that were fed control material (Figure
3b, 4b). Under light microscopy, the lesions in the optic tectum of the treatment
laboratory grass carp appeared similar to lesions in the same region (optic lobe), of AVM
positive mallard brain tissue. The results of the laboratory trials were statistically
significant (p= 1.453x10-4) using Pearson’s Chi-Square Test.
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Table 1. Presence or absence of suspect AVM-type brain lesions in grass carp exposed to
hydrilla material with (field, laboratory treatment) and without (laboratory control)
epiphytic colonies of the Stigonematalan cyanobacterium.
Exposure group

n

Fish with lesions

Laboratory treatment

20

11

Laboratory control

20

0

Field

23

7

Figure 2a (l): Light micrograph image of the tegmentum of a grass carp from the field
trial showing suspicious lesions (arrows). Figure 2b (r): Light micrograph image of the
tegmentum of a grass carp fed control material in laboratory study.
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Figure 3a (l): Light micrograph image of the optic tectum of a grass carp fed treatment
hydrilla material in the laboratory trial showing suspect lesions (arrows). Figure 3b (r):
Light micrograph image of the optic tectum of a grass carp fed control hydrilla material
in the laboratory trial.
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Figure 4a (l): Light micrograph image of the optic tectum of a grass carp fed treatment
hydrilla material in the laboratory trial trial showing suspect lesions (arrows).
Figure 4b (r): Light micrograph image of the optic tectum of a grass carp fed control
hydrilla material in the laboratory.
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Mallard trials
AVM was diagnosed in both field and laboratory birds which indicates that the
suspect toxin was present in the hydrilla material consumed by the birds (Table 2).
During the course of the field study, 2 mallard carcasses were recovered that had
apparently been killed by predators and were too decomposed for a necropsy. Ten
mallards were recovered at the end of the study period from the field site. On day 15 of
the laboratory trial, a bird in the treatment group exhibited a wobbly, uncoordinated gait.
The bird was placed in a kennel alone and within 3 h became ataxic. The bird was
euthanized, a necropsy was performed, and histology results confirmed the bird had
developed severe brain lesions (Figure 5). No other birds exhibited neurologic symptoms
during the trial. Sixty-four percent (n=25) of mallards exposed to treatment material
developed moderate to severe AVM lesions: 60% (n=10) from the field and 67% (n=15)
from the laboratory. No mallards (n=5) that were fed control material developed AVM
lesions. The results of the laboratory trials were statistically significant (p=0.0325) using
Pearson’s Chi-Square Test.
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Table 2. Presence or absence of AVM brain lesions in mallards exposed to hydrilla
material with (field, laboratory treatment) and without (laboratory control) epiphytic
colonies of the Stigonematalan cyanobacterium.
Exposure

n

Birds with lesions

Laboratory treatment

15

10

Laboratory control

5

0

Field

10

6

Figure 5: Light micrograph image of the optic tectum and optic lobe of a mallard
fed treatment hydrilla material in the laboratory trial showing characteristic
lesions (arrows).
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Chicken laboratory trial; Trophic transfer
There were no mortalities and no clinical signs of AVM observed during the
chicken feeding trial. Histology results indicated the chickens did not develop AVM
characteristic brain lesions in either treatment or control groups.

Discussion
Grass carp that consumed treatment hydrilla material, in both field and laboratory
trials, developed suspicious brain lesions. Under light microscopy, treatment and control
grass carp brain tissue appeared spongy and this texture resembled diffuse tiny vacuoles
(Dr. John Grizzle, pers comm.). However, larger, more concentric lesions were apparent
in specific regions within brain tissue of grass carp consuming treatment hydrilla
material. The lesions look similar to those of AVM-affected birds, specifically an
intramyelinic edema, but cannot be further characterized without electron microscopy.
There are no reports in the literature of morphological changes in C. idella brain tissue in
response to triploid induction via hydrostatic pressure shock. The pressure shock process
is performed mechanically during artificial spawning and stimulates retention of an extra
set of chromosomes normally expelled during cell division thus yielding functionally
sterile triploids (Cassini and Caton, 1986; Allen and Wattendorf, 1987; Clugston and
Shireman, 1987). The study must be repeated using diploid fish to be conclusive that the
suspicious lesions are a result of the suspect AVM toxin and not an artifact of polyploidy
induction.
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It has been suggested that an exposure threshold exists for AVM intoxication, but
a quantitative dose-response relationship has not been established (Rocke et al., 2002).
Due to cool water temperatures and captivity, the grass carp may not have consumed
enough material to reach the threshold necessary to elicit symptomatic behavior or
mortality. Grass carp will consume the most vegetation when water temperatures range
from 20-30°C, stop feeding at temperatures below 11°C, and feed intermittently between
11 and 20°C (Wiley and Wilke, 1986; Young, Monaghan, and Heidinger, 1983). In our
study, the water temperature for both laboratory and field trials ranged from 15-20°C.
Fish in tank culture eat less because metabolic demands are lower, and upon initial,
stocking grass carp exhibit a lag in vegetation consumption when adjusting from a
pelleted feed (Masser, 2002). Under optimal conditions, small (less than 3 kg) grass carp
can consume twice their body weight daily (Clugston and Shireman, 1987). The
laboratory grass carp in our study consumed approximately 2% of their body weight in
vegetation daily. In natural systems, when optimal feeding conditions for grass carp
occur, (spring through early fall) the AVM toxin appears to be present in very low
concentrations or absent. A mallard feeding trial demonstrated that hydrilla material
collected from JSTL on 7 October 2003 did not elicit AVM lesions, but hydrilla material
collected on 18 November 2003 did cause AVM (Wiley et al., 2007a). It is possible that
because grass carp will consume less vegetation as water temperatures cool and may not
ingest enough of the suspect toxin to elicit behavioral effects or mortalities.
Lower toxin concentrations in hydrilla material collected in 2004 than in previous
years may offer an alternate explanation for why mortalities and behavioral effects did
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not occur in grass carp and why chickens did not develop AVM after ingesting the carp.
The results of the sentinel mallard trials, examination of the Stigonematalan
cyanobacterium colony densities on vegetation samples, and field observations of avian
deaths indicate that the 2004-2005 winter was a comparatively mild year for AVM at
Davis Pond and JSTL. The exact mechanisms that initiate cyanobacteria and other algal
species to produce toxins are unknown. Toxin production in cyanobacterial species is
associated with bloom formation, which can be promoted by nutrient influx, or changes
in light and temperature (Paerl, 1988). It is possible that environmental conditions were
not conducive to toxin production during the experimental time period.
Food chain transfer from grass carp to chickens may have been unsuccessful
because the putative toxin could be a metabolite made available to predatory birds
through processes unique to the avian gut. Herbivorous birds have adapted to consuming
fibrous, low quality foods by bacterial digestion of cellulose in the ceca. More efficient
cellulose metabolism in herbivorous waterfowl and gallinaceous birds may explain why
birds appear to be more susceptible to AVM. Laboratory trials have illustrated toxin
transfer from the gastrointestinal tract of diseased waterfowl to predatory birds (Fischer et
al., 2003). The chickens fed directly on grass carp tissues that had been feeding
exclusively on AVM positive material yet were unaffected by AVM. The grass carp
were not fasted before sacrificing at the end of the study and macroscopic quantities of
hydrilla material remained in the gut.

The digestive systems of fish and birds are

different in many facets and substantial variation exists even within Cyprinoid fishes.
Cyprinoid fishes have a short cylindrical esophagus, lack a true stomach and strong
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digestive juices (Nikolsky, 1963). C. idella also has a much shorter gut than other
Chinese carp and half the length of other herbivorous fishes (Al-Hussaini, 1947). This
shortened gut reduces retention time (8 h) and digestive efficiency to only 60-70%
(Masser, 2002). The suspect toxin has not been isolated or characterized so it is
impossible to speculate about its properties. However, if the suspect toxin is a
metabolite, the reduced digestive efficiency of the grass carp gut may not have made it
available to the chickens.
Grass carp may develop brain lesions when exposed to the suspect AVM toxin
but remain unaffected by the neurological and lethal consequences observed in birds.
Neurotoxic response varies widely even among closely related species (Duncan, 1985).
Grass carp may therefore be capable of consuming vegetation with the epiphytic
Stigonematalan cyanobacterium, thus fulfilling their role as a biological control tool.
Grass carp developed lesions in field and laboratory settings, but continued to consume
available vegetation. There was no discernable difference in behavior of treatment versus
control laboratory grass carp. AVM characteristic lesions have been observed in birds
despite a lack of clinical symptoms (Fischer et al., 2003). It appears that symptomatic
behavior is not indicative of presence and severity of brain lesions in coots and mallards.
This phenomenon may also be applicable to findings from our grass carp study.
A management strategy for reservoirs affected by AVM is necessary: if left
unchecked, AVM may spread along with invasive aquatic vegetation and potentially
affect many more ecosystems. Reducing aquatic vegetation, which provides substrate for
this cyanobacterium, will limit dietary exposure to the suspect toxin for waterbirds and
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thus negate the disease food-chain transfer model that has been previously proven
(Birrenkott et al., 2004; Wilde et al., 2005; Wiley et al., 2007a,b). However, control of
invasive aquatic plants in man-made reservoirs with little or no native vegetation is a
multi-faceted and sensitive issue. Before grass carp are presented as a mitigation strategy
for AVM, our studies should be replicated using both diploid grass carp and treatment
hydrilla material collected during a severe AVM epizootic. Future studies concerning an
AVM- mitigation strategy should also explore other vegetation control options.
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CHAPTER 3:
AN ATTEMPT TO PRODUCE VACUOLAR MYELINOPATHY IN DOMESTIC
SWINE CONSUMING HYDRILLA AND ASSOCIATED EPIBIOTA

Introduction
Avian Vacuolar Myelinopathy (AVM) is a neurologic disease that affects
herbivorous waterbirds and their avian predators. AVM was first documented during a
1994 epizootic at DeGray Lake, Arkansas in which 29 dead or moribund bald eagles
(Haliaeetus leucocephalus) were discovered. AVM has been implicated or suspected in
the death of over 100 bald eagles and American coots (Fulica americana) deaths are
estimated to number in the thousands (Rocke et al., 2002). The disease has been
documented in 5 orders of wild avifauna: Gruiformes, Falconiformes, Anseriformes,
Strigiformes and Charadriiformes (Augspurger et al., 2003; Fischer et al., 2006). AVM
has been documented in large reservoirs and small farm ponds in 5 Southern states:
Arkansas, Texas, Georgia, North Carolina, and South Carolina. AVM is characterized
by diffuse microscopic lesions in the white matter of the central nervous system, often
most severe in the optic lobe (Thomas et al., 1998). This type of lesion, an intramyelinic
edema, is a true myelinopathy because the damage is inflicted upon the myelin sheath
and not the neuron (Thomas et al., 1998). Clinical symptoms include difficulty
swimming, perching and flying; ataxia; muscular rigidity; loss of righting reflex; visual
impairment characterized by aniscoria and unstimulated rapid changes in pupil size
(Thomas et al., 1998). Partial to complete recovery has been documented in AVM-
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affected American coots with intervention and veterinary care (Augspurger et al., 2003).
Rehabilitation of clinically ill bald eagles has been unsuccessful thus far (Thomas et al.,
1998; Birrenkott, 2003).
AVM is site-specific and disease transmission is dietary. In a North Carolina
field study farm-raised mallards (Anas platyrhynchos) and coots released onto a
previously affected reservoir developed AVM as early as 5 days post-release (Rocke et
al., 2002). Mallards and chickens fed aquatic vegetation and associated epiphytes from
affected reservoirs contracted the disease in laboratory studies (Birrenkott et al., 2004;
Rocke et al., 2005; Wilde et al., 2005; Wiley et al., 2007a). Predatory birds contract
AVM by feeding on carcasses of affected waterbirds, specifically the gastrointestinal
tract (Fischer et al., 2003; Lewis-Weis et al., 2004).
The etiologic agent of AVM is unknown despite numerous investigations.
Several compounds are known to elicit intramyelinic edema: hexachlorophene,
bromethalin, and triethyltin (Van Gemert and Killeen, 1998). However, no significant
concentrations of these compounds, nor infectious agents, metals, or toxins, have been
discovered in tissues or environmental samples from areas affected by AVM (Thomas et
al., 1998; Dodder et al., 2003; Larsen et al., 2003). Submerged aquatic vegetation is
present at all sites where AVM has been documented. Samples of aquatic vegetation
from reservoirs where AVM deaths had been documented were examined using light and
epiflorescent microscopy and the epibiotic assemblages were characterized (Wilde et al.,
2005). A previously undescribed species of cyanobacterium, in the Order
Stigonematales, was the dominant epiphyte at all sites (Wilde et al., 2005; Williams et al.,
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2007). This cyanobacterium covered up to 95% of the leaf surface area and was most
prevalent on 3 species of exotic submerged macrophytes: hydrilla (Hydrilla verticillata),
Eurasian water milfoil (Myriophyllum spicatum), and Brazilian elodea (Egeria densa).
The cyanobacterium was identified in lesser concentrations (5-10%) on native vegetation
samples: Illinois pondweed (Potamogeton illinoensis), eelgrass (Vallisneria americana),
and lemon bacopa (Bacopa caroliniana). Furthermore, the Stigonematalan species is rare
or not found on aquatic plants collected at sites where the disease has not been diagnosed
(Wilde et al., 2005; Williams et al., 2007). Numerous cyanobacteria genera produce
toxins that harm fish and wildlife: species and strains of Anabaena, Aphanizomenon,
Oscillatoria, and Trichodesmium produce neurotoxins (Carmichael, 1992; Fawell et al.,
1993; Gupta, 1998). AVM epizootics are observed during winter months; most severe in
November and December. Field and laboratory investigations have failed to document
AVM during summer and early fall months (Rocke et al., 2002; Fischer et al., 2006;
Wiley et al., 2007a). This pattern suggests that seasonal environmental fluctuations, such
as cooler temperatures and nutrient pulses associated with lake turnover may stimulate
toxin production by the cyanobacterium (Rocke et al. 2002; Wilde et al., 2005). Mallards
developed AVM in laboratory and field studies after consuming hydrilla with dense
epiphytic colonies of the cyanobacterium and when gavaged with an extract of this
material (Birrenkott et al., 2004; Wilde et al., 2005; Wiley et al., 2007a; Wiley et al.,
2007b). Researchers have thus postulated that herbivorous waterbirds contract AVM
after feeding on aquatic vegetation and the suspect epiphytic cyanobacterium, and
predatory birds are exposed when preying on or scavenging these birds.
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AVM has not been documented in mammals during field studies or laboratory
trials (Birrenkott, unpubl. data; Rocke et al., 2005; Lewis-Weis et al., 2004; Fischer et al.,
2006; Wiley, unpubl. data). Tissues collected from coots diagnosed with AVM were fed
to young domestic swine but no AVM-characteristic lesions or behaviors were observed
(Lewis-Weis et al., 2004). Lesions were not detected in muskrat (Ondatra zibethicus)
and beaver (Castor canadensis) collected during mammalian surveillance at North
Carolina reservoir (Rocke, unpubl. data). Epidemiologic and diagnostic studies at J.
Strom Thurmond Lake (JSTL) on the Georgia-South Carolina border performed from
October-March during 1998-2004 did not document AVM in 10 beavers (Castor
canadensis), 4 raccoons (Procyon lotor) and 1 gray fox (Urocyon cinereoargenteus)
collected and examined (Fischer et al., 2006). However, neurologic impairment and
death of beavers, including 1 at JSTL in November 2001, during AVM epizootics have
been observed (Fischer et al., 2006). The purpose of this study was to evaluate the AVM
susceptibility of mammals feeding directly on aquatic vegetation.

Methods
Tissue Collection and Animal Care
Animal care and use procedures for swine and mallards were performed
according to approved Clemson University Animal Use Protocols (AUP) 50111 and
50021, respectively. In a previous unpublished pilot study, mice and rabbits did not find
hydrilla palatable, so we chose young (6-week old) domestic swine for this investigation
(Birrenkott, unpubl. data). The swine were obtained from Clemson University’s Starkey
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Swine Center, Clemson, South Carolina, USA. Mallard ducks were purchased from Frost
Waterfowl, Georgetown, South Carolina, USA. On day 30 of the trial, all swine were
sedated with a ketamine/xylazine mixture (10 mg/kg and 0.5 mg/kg, respectively) and
euthanized with sodium pentobarbital (1ml/4.5 kg). Mallards were euthanized on day 14
of the trial using a pre-charged CO2 chamber (Euthanex®, Euthanex Corp, Palmer,
Pennsylvania, USA).
Tissues from swine and mallards were handled and prepared in according to the
same protocol. Brains were removed immediately and weighed. Histology slides for
AVM brain lesion evaluation were prepared according to the same protocol: 1/2 the
brain and spinal cord, if present, were fixed in 10% buffered formalin, embedded in
parrifin, sectioned at 5 μm, stained with hematoxylin and eosin (Southeastern
Cooperative Wildlife Disease Study (SCWDS), the University of Georgia, Athens, USA).
The slides were examined by light microscopy by Dr. John Fischer, SCWDS, University
of Georgia, Athens, USA.

Hydrilla collection, screening
Hydrilla was collected 12 December 2005 from J. Strom Thurmond Lake (JSTL).
JSTL is a 28,700 ha reservoir on the South Carolina-Georgia USA border that is the last
reservoir on the Savannah River (34°40'40"N, 82°13'0"W). The reservoir, created
between 1948 and 1958, is managed by the United States Army Corps of Engineers
(ACOE) for flood control, hydroelectric power, and recreation. AVM was first
confirmed on the reservoir in 1998 and has since been the confirmed or suspected cause
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of death of 43 bald eagles. The majority of JSTL’s 1,932 km shoreline 200 scattered
islands are undeveloped. Approximately 32,359 total ha of public land surround the lake.
The ACOE and Georgia and South Carolina Department of Natural Resources (GADNR,
SCDNR) manage the reservoir’s forestry and wildlife resources. Hydrilla, both
monoecious and dioecious biotypes, was discovered on the lake in 1995. Herbicide
applications began in 1995 on selected high-use public areas and 342-ha have been
treated by 2006 (A. Dean, pers. comm.). The most recent survey (2005) estimates that
7% (~2025 ha) of the reservoir is infested with hydrilla (A. Dean, unpubl. data).
Hydrilla is the dominant submerged aquatic plant in JSTL and supports an
assemblage of epiphytic cyanophytes, chlorophytes, and diatoms (Wilde et al., 2005).
Therefore, the hydrilla and associated epibiota used in these trials will be referred to as
“hydrilla material” (Birrenkott et al., 2004). Although many native and exotic aquatic
plants provide substrate for the Stigonematalan cyanobacterium and some have been
attributed to AVM bird deaths, we chose to collect hydrilla because it was most plentiful
in our study area (Wilde et al., 2005). The hydrilla material was collected from
Petersburg Campground Cove (33°65'82"N, 82°25'82"W) with a rake at a depth of 0.6 to
1.5 m, and excess water was removed by hand before it was packed into 3.7 L freezer
bags. The hydrilla material was frozen at –20°C: previous investigations using frozen
hydrilla material induced AVM in mallards (Lewis-Weis et al., 2004; Rocke et al., 2005;
Wiley, et. al.2007a).
The samples were screened microscopically following the collection and before
the hydrilla material was used in the feeding study. Three randomly selected entire leaves
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from each sample were mounted on a glass slide and epiphytes were identified
morphologically using epifluorescent microscopy (Figure 6). The families Cyanophyta,
Chlorophyta, and Bacillariophyceae were most commonly represented. Abundance of
the Stigonematalan cyanobacterium was expressed as percent surface area coverage:
present (1-25%), common (26-50%), abundant (51-75%), or dominant (76-100%). Realtime PCR was used to genetically confirm the presence of Stigonematales identified
morphologically from the samples (Williams et al., 2007). Abundance of the
Stigonematalan cyanobacterium in the collection for this study ranged from 20-70%.

Figure 6: (L) Image of the Stigonematalan cyanobacterium in culture, 40X, and (R)
Epiflourescent image (using Rhodamine Red filter set) showing phycobiliprotein
fluorescence of colonies growing epiphytically on a hydrilla leaflet, 20X light.
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Swine Feeding Trial
Seven 6-week old domestic swine were used in this study. The trial began 25
December 2005 and was conducted at Godley Snell Animal Research Center (GSRC) at
Clemson University, Clemson, South Carolina, USA. The Starkey Center had
documented several cases of swine bacterial pneumonia in the week prior to the trial. For
the first 5 days of the acclimation period at GSRC, the swine were administered 1mL of
Excenel® (ceftifur hydrochloride) via intramuscular injection. Treatment commenced on
day 6 after no ill effects were observed and the university veterinarian deemed the swine
healthy. Our original study design included a control group of swine that would have
been fed hydrilla material without the suspect cyanobacterium. However, the control site
we have used in previous studies, Potato Creek Embayment on Lake Marion, South
Carolina, USA (33°32’18”N, 80°16’05”W), had been treated with herbicide and was free
of hydrilla. Two swine were euthanized at the beginning of the trial to provide tissue
samples of controls for comparison: pre-treatment vs. post-treatment.
The swine were housed in separate kennels to monitor food consumption. During
the acclimation period the swine received a complete feed twice daily (Pig Startena,
Med., Purina Mills, LLC, St. Louis, Missouri, USA) and clean fresh water was available
ad libitum. After the acclimation period the swine received a treatment diet twice daily
supplemented by a complete feed for 1-h periods daily. The treatment diet consisted of
feed-grade molasses (~100.0 ml) incorporated into ~2.0 kg ww (wet weight) coarsely
chopped hydrilla material. This “wet weight” measurement is comprised of a significant
amount of water so the actual mass of the hydrilla material is much less. This amount
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was derived from the average amount of hydrilla material, as a percentage of body
weight, consumed by mallard ducks diagnosed with AVM in previous feeding trials
(Wiley et al., 2007a; Haynie, Chapter 2).
The hydrilla material was frozen and was thawed overnight prior to each feeding.
The excess water was manually removed before mixing the hydrilla material with the
molasses. The molasses was added, at the suggestion of the GSRC veterinarian, to
increase palatability after the swine exhibited reluctance to consume the hydrilla material
alone (Dr. W. Queen, pers. comm.). When the swine were presented the hydrilla material
with molasses they consumed the material readily. Before each feeding any residual
treatment diet was weighed and subtracted from the total presented at the previous
feeding. The treatment swine were monitored during twice daily cleaning and feeding
periods for any symptoms of neurologic impairment characteristic of AVM. All swine
were euthanized on day 28 of the trial.

Sentinel Mallard Trial
To determine if the hydrilla material fed to the swine in the laboratory contained
the suspect AVM toxin, a sentinel mallard trial was conducted. Mallards were not
available during the 2005 winter so the trial was delayed, and the hydrilla material was
stored at -20°C. On 10 July 2006, 3 adult female mallards were transported to GSRC.
The birds were wing-clipped for identification (left, right, both). The birds were
acclimated to their new environment for a 3-day period before treatment began. During
this acclimation period clean, deionized water, 40-L plastic swim tanks and commercial
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duck chow (Purina® Flight Conditioner, St. Louis, Missouri, USA) was available ad
libitum.
On day 4 of the trial, the mallards began receiving treatment hydrilla material
from the JSTL 2005 collection. This hydrilla material collection was also used in the
swine trial. The frozen hydrilla material was thawed overnight prior to the feeding and
excess water was squeezed out by hand before weighing and placing in the swim tank.
Before each feeding, any remaining hydrilla material in the swim tank was squeezed dry,
weighed and subtracted from the previous feeding input. The mallards initially received
approximately 1200 g ww of hydrilla material daily but the amount was reduced to
approximately 370 g ww (r = 182-599 g ww). This was done in response to the birds’
reluctance to feed on the vegetation or enter the swim tanks. During twice-daily onehour periods, kennels were cleaned, food and water replenished, hydrilla material was
replaced, and the birds were monitored for clinical behaviors indicative of AVM. After
reducing the amount of hydrilla material placed in the swim tanks, the birds were
observed feeding in the swim tanks. On day 14 of the trial, all birds were euthanized.

Results
Swine Feeding Trial
The swine did not exhibit clinical symptoms during the feeding study. In
accordance with the AUP, The treatment diet was withheld on 3 occasions because all
swine had diarrhea. Treatment resumed when stools returned to normal consistency. The
swine continued to gain weight throughout the trial and remained healthy. Histological
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analysis revealed no microscopic vacuoles or other abnormalities in the brain tissues of
the treatment or control swine.

Sentinel Mallard Trial
One mallard exhibited clinical behavior during the study and 2 of the 3 mallards
developed AVM-characteristic brain lesions. During the trial, the mallards exhibited
reluctance to enter the swim tank and consume hydrilla material. The birds lost an
average of 14% of their body weight. In accordance with the animal use protocol, after
anorexia was documented commercial feed was presented to the birds in addition to
hydrilla material and was available ad libitum. On day 12, one mallard was found dead
during the morning feeding period. No clinical behaviors had been observed prior to the
mortality. On day 13, one of the remaining mallards exhibited a wobbly gait and
difficulty preening. The bird was euthanized and a necropsy was performed.
Microscopic examination of the brain tissues revealed that these 2 birds had developed
moderate lesions in the optic lobe, consistent with AVM. The third mallard had not
developed the microscopic vacuoles indicative of AVM.

Disscussion
The swine in this study did not develop clinical behaviors or histological signs
indicative of AVM. It is unlikely that the antibiotics the swine received, an unavoidable
variable, affected the results of this study. Investigations have shown that the etiologic
agent of AVM is not a bacterial agent (Thomas et al., 1998). The swine did not find the
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hydrilla material palatable, prompting the addition of molasses. There is a possibility that
the molasses interacted with the suspect toxin at the biochemical level and reduced or
eliminated its potency. However, we view this as extremely unlikely and the addition of
molasses to nursery swine feed has even been shown to increase feed utilization
(Mavromichalis et al., 2001). The young swine did grow very quickly in comparison to
the adult mallards which made it difficult to provide an ever-increasing amount of
hydrilla material to body weight. For consistency, 1 massive collection of hydrilla
material was made for the trials, which represented a finite amount of hydrilla material.
The reduction in hydrilla material to body weight ratio may have prevented the swine
from reaching a threshold dose necessary to elicit affects.
The sentinel mallards did contract AVM although they did not consume as much
hydrilla material as mallards in previous feeding studies diagnosed with AVM (Wiley et
al., 2007a; Haynie, Chapter 2). The average amount of hydrilla material consumed that
induced AVM in previous studies was ~430 g ww daily or 17.8% of average body weight
(2.4 kg, r = 1.1 - 3.0). Mallards in this study consumed ~32.7 g ww daily, representing
only 1.4% body weight. This discrepancy suggests that the portion of the hydrilla
material the mallards received may have contained a higher concentration of the etiologic
agent than in previous studies. Active disease surveillance was not conducted on JSTL
during the 2005-2006 winter. However, based on bald eagle carcasses recovered, the
2005-2006 winter was not particularly severe: 3 bald eagle carcasses were recovered and
all were too decayed for necropsy. The severity of outbreaks varies: the winter of 20002001 yielded 17 bald eagle carcasses, 6 of which were fresh enough for a necropsy and
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confirmed AVM positive (Fischer, et al, 2006). The suspect toxin is unidentified so we
cannot quantify how much toxin was present in the hydrilla material presented in each
trial. Swine and mallards received hydrilla material from the same single collection, but
there is no way to determine if the amount of toxin in each diet was comparable between
trials.
The swine may not have been affected because the suspect toxin could be a
metabolite made available via processes unique to avian gut. Herbivorous birds have
adapted to consuming fibrous, low quality foods by bacterial digestion of cellulose in the
ceca. Mallards and chickens will upregulate volatile fatty acid production in the ceca in
response to a decline in food quality; i.e. a shift from readily digestible corn-based feed to
vegetation (Miller, 1976). High cecal discharge rates, enlarged gut, and increased food
consumption are part of a general adaptation to maximize utilization of poor quality
foods (Miller 1975; 1976). More efficient cellulose metabolism in herbivorous waterfowl
and gallinaceous birds may explain why birds appear to be more susceptible to AVM.
JSTL, like many affected reservoirs, supports a wide variety of mammalian
scavengers, herbivores, and omnivores. Aquatic herbivores, such as beavers, may be
especially vulnerable because of their life history. Although we found that aquatic
vegetation was not palatable to swine, it is highly preferred by beavers. Aquatic
vegetation is utilized as a food source heavily during spring-summer months (Northcott,
1971; Belovsky, 1984; Fryxell and Doucet, 1993; Parker et al., 2007). From June to
October, beaver may spend up to 90% of their feeding time foraging on aquatic
vegetation and switch to woody vegetation in November (Svedsen, 1980). Exotic aquatic
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macrophytes are also highly palatable to beaver: an exclusion study in a wetland area
illustrated reduction, by beaver herbivory, of Eurasian water milfoil by 90% (Parker et
al., 2007). However, the herbivory of invasive aquatic plants, which provide substrate for
the suspect toxin-producing cyanobacterium, has been documented in the summer to late
fall. AVM has not been documented during summer and early fall months (Rocke et al.,
2002; Fischer et al., 2006; Wiley et al., 2007a). The shift from aquatic vegetation to a
woody food source during this critical time period may decrease their likelihood of
ingesting large quantities of the suspect toxin.
The etiologic agent of AVM has not yet been determined nor are we certain of
how many taxa are at risk. Subsequent trials using a putative toxin extract induced AVM
in mallard ducks (Wiley et al., 2007b). This extract was used to gavage mice and the
results of this study were inconclusive (Wiley, unpubl. data). This extract will be an
important tool for future studies assessing risks to mammals. Consumption of wild game
and waterfowl from affected reservoirs may put humans at risk for exposure to the
etiologic agent, and therefore further research regarding mammalian susceptibility is
warranted.
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CHAPTER 4:
ASSESSMENT OF AN AVIAN VACUOLAR MYELINOPATHY EPIZOOTIC ON
J. STROM THURMOND LAKE

Introduction
Avian Vacuolar Myelinopathy (AVM) is a neurological disease affecting
waterbirds and their avian predators in the Southern United States. The disease was first
documented in 1994 at DeGray Lake, Arkansas and has since been confirmed in
reservoirs from Texas to North Carolina. AVM is responsible for the death of over 100
bald eagles (Halieetus leucocephalus) and American coot (Fulica americana) deaths are
estimated in the thousands (Rocke et al., 2002). The disease has been documented in 5
orders of wild avifauna: Gruiformes, Falconiformes, Anseriformes, Strigiformes and
Charadriiformes (Augspurger et al., 2003; Fischer et al., 2006). AVM is characterized by
diffuse microscopic lesions in the white matter of the central nervous system, often most
severe in the optic lobe (Thomas et al., 1998). Clinical manifestations include difficulty
swimming and flying, loss of righting reflex, ataxia or a wobbly gait (Thomas et al.,
1998).
The specific cause of AVM is unknown. AVM is site-specific and disease onset
and mortality can be very quick (<5 days) (Rocke et al., 2002; Wiley et al., 2007a). No
chemical agents, bacteria, or naturally-produced toxins known to elicit this type of lesion,
an intramyelinic edema, have been found in birds, sediments, water or plant samples
collected from affected reservoirs (Thomas et al., 1998; Rocke et al., 2002; Dodder et al.,
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2003). A novel epiphytic cyanobacterium, in the Order Stigonematales, has been
identified both morphologically and genetically using real-time polymerase chain
reaction (PCR), on aquatic plant samples collected from sites where AVM-confirmed
bird deaths have been documented (Wilde et al., 2005; Williams et al., 2007). This
epiphytic species can cover up to 95% of the surface area of aquatic plant leaves,
primarily hydrilla (Hydrilla verticillata), Eurasian watermilfoil (Myriophyllum spicatum),
and Brazilian elodea (Egeria densa), in reservoirs where bird deaths have occurred from
AVM. Furthermore, the species is rare or not found on aquatic plants collected at sites
where the disease has not been diagnosed (Wilde et al., 2005; Williams et al., 2007).
Cyanobacteria proliferate in almost any terrestrial or aquatic environment on Earth.
Numerous genera produce toxins that harm fish and wildlife: species and strains of
Anabaena, Aphanizomenon, Oscillatoria, and Trichodesmium produce neurotoxins
(Carmichael, 1992; Fawell et al., 1993; Gupta, 1998). AVM mortality events have only
been documented from October through March, thus suggesting that seasonal
environmental fluctuations trigger the cyanobacterium to begin toxin production (Rocke
et al., 2002; Wilde et al., 2005).
Research trials have shown that AVM transmission is dietary: herbivorous
waterbirds ingest aquatic vegetation and associated epiphytes and the birds are then eaten
by raptors (Rocke et al., 2002; Fisher et al., 2003; Birrenkott et al., 2004; Wiley et al.,
2007a). While overwintering on Southeastern reservoirs, American coots’ (hereafter
“coot”) primary food source is hydrilla, which harbors the suspect cyanobacterium, and
bald eagles feed preferentially on coots (Griffin, 1982; Hardin et al., 1984; Elser, 1989).
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An extract of hydrilla and associated algal species, including Stigonematales, induced
AVM when fed to mallard ducks (Wiley et al., 2007b). Our working hypothesis is that
AVM is caused by an uncharacterized neurotoxin produced by this novel cyanobacterium
(Wilde et al., 2005; Williams et al., 2007).
Mortality rates and population level effects in coots and other birds, such as bald
eagles, have not been quantified and recovery potential of affected birds in the field is
unknown. Active disease surveillance was conducted by the Southeastern Cooperative
Wildlife Disease Study (SCWDS) during late fall-winter from 1998-2004 on J. Strom
Thurmond Lake (JSTL), 34°40'40"N, 82°13'0"W, located on the Georgia-South Carolina
border. This study established that 17-94% of coots collected exhibited the characteristic
AVM brain lesion (Fischer et al., 2006). Coot carcasses are rarely found even though
hundreds of symptomatic coots are observed during an AVM outbreak (T. Murphy, pers.
comm.).

Sick birds tend to seek heavy cover and elude capture, therefore AVM

morbidity and mortality may be underestimated at JSTL.
The severity of clinical symptoms does not appear to be indicative of marked or
severe brain lesions but the characteristic lesions have persisted even after resolution of
clinical symptoms (Larsen et al., 2002; Rocke et al., 2002). AVM lesions have been
documented in birds not exhibiting clinical symptoms of the disease and have been
absent or mild in severely impaired birds (Fischer et al., 2002). Partial to complete
clinical recovery has been observed in coots after removing the birds from the affected
habitat (Larsen et al., 2002).

However, bald eagles exhibiting symptoms and later
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diagnosed with AVM have not survived longer than 24 h after intervention and veterinary
care (Thomas et al., 1998; Birrenkott, 2003).
An opportunistic study was conducted during the winter of 2006-2007 when a
large-scale AVM epizootic occurred on JSTL. The objectives of this study were to:
(1) Determine if symptomatic coots die on-site or recover before return migration,
by observing cohorts of symptomatic and asymptomatic coots identified by neck
bands during an epizootic;
(2) Use aerial and ground surveys to document mortalities in populations of
migratory birds and to evaluate eagle nest success;
(3) Assess scavenging rates to better evaluate the severity of an AVM epizootic.
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Methods
Study Site
We used JSTL as our study site because it has a documented history of annual
AVM-attributed bird deaths. The reservoir, created between 1948 and 1958, is managed
by the United States Army Corps of Engineers (ACOE) for flood control, hydroelectric
power, and recreation. AVM was first confirmed on the reservoir in 1998 and has since
been the confirmed or suspected cause of death of 44 bald eagles (Fischer et al., 2006).
The majority of JSTL’s 1,932 km shoreline 200 scattered islands are undeveloped.
Approximately 32,359 total ha of public land surround the lake. The ACOE and Georgia
and South Carolina Department of Natural Resources (GADNR, SCDNR) manage the
reservoir’s forestry and wildlife resources. Hydrilla, both monoecious and dioecious
biotypes, was discovered on the lake in 1995. Herbicide applications began in 1995 on
selected high-use public areas and 342-ha have been treated by 2006 (A. Dean, unpubl.
data). The most recent survey (2005) estimates that 7% (~2025 ha) of the reservoir is
infested with hydrilla (A. Dean unpubl. data). The suspect toxin-producing
cyanobacterium was first documented in hydrilla samples from JSTL in 2001 (Wilde et
al., 2005).
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Vegetation Screening
In September 2006, we began collecting and screening aquatic vegetation from
routine sampling sites at JSTL to determine presence and abundance of the suspect
cyanobacterium. Epiphytic algal communities have been characterized from hydrilla
samples

where

AVM

has

been

documented.

The

assemblages

included

Bacillariophyceae (diatoms), Chlorophyta (green algae), and Cyanophyta (cyanobacteria)
(Wilde et al., 2005). Vegetation samples were collected with a rake at an average depth
of 0.6 to 1.5 meters and store on ice until examined.

Several samples from each

collection are examined. Three randomly selected entire leaves from each sample were
mounted on a glass slide and epiphytes were identified morphologically using
epifluorescent microscopy (Figure 7). Abundance of the Stigonematalan cyanobacterium
was expressed as percent surface area coverage: present (1-25%); common (26-50%);
abundant (51-75%); or dominant (76-100%). Morphological identification the suspect
cyanobacterium was confirmed genetically using a gene-specific real-time PCR probe
(Williams et al., 2007).
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Figure 7: (L) Image of the Stigonematalan cyanobacterium in culture, 40X light , and
(R) Epiflourescent image (using Rhodamine Red filter set) showing phycobiliprotein
fluorescence of colonies growing epiphytically on a hydrilla leaflet, 20X light.

Tissue Processing and Animal Care
To diagnose the incidence of AVM in birds, you must collect specimens and
analyze for the presence of vacuoles in brain tissue, specifically the optic lobe. Animals
used in this study were handled according to procedures approved by the Clemson
University Animal Research Committee (Animal Use Protocol #ARC-2006-094). Field
studies were conducted under: SCDNR scientific collecting permit #0404, GA scientific
collecting permit #CN 18962, and United States Fish and Wildlife Service (USFWS)
permit #MB 054464-0. We followed the same procedure for processing tissues from
each carcass or moribund bird we recovered during the study. For coots recovered alive,
euthanasia was performed by SCDNR personnel using permitted methods. Necropsies
were performed immediately; the brains were extracted and placed in 10% buffered
formalin. Bald eagle carcasses were transported on ice immediately to the SCWDS,
University of Georgia, Athens, Georgia, USA, for complete diagnostic examination and
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tissue collection. If bald eagles or other raptors were found alive, they were immediately
transported to SCWDS. If a bald eagle carcass was too decayed for a necropsy it was
transported to the Marine Resources Division, South Carolina Department of Natural
Resources, Charleston, South Carolina, USA and stored frozen until shipped to the
National Eagle and Wildlife Property Repository in Commerce City, Colorado, USA. All
histology slides were prepared according to the same protocol: One half the brain and
spinal cord, if present, were fixed in 10% buffered formalin, embedded in parrifin,
sectioned at 5 μm, stained with hematoxylin and eosin (Roper Hospital Histology
Laboratory, Charleston, South Carolina, USA). The slides were examined using light
microscopy and diagnosed according to presence of the characteristic AVM lesions.

American Coot Banding Study
Coots were selected as a sentinel species because they are affected by AVM,
exhibit site fidelity, and limited foraging and nocturnal movements (Brisbin, 1973; Potter,
1987; Rocke et al., 2002; Fischer et al., 2006). We targeted areas for banding based on
abundance of coots and results of vegetation screens for suspect cyanobacterium
densities. Within 1 week after coots’ arrival on JSTL, symptomatic coots were observed
in Petersburg Cove (33°65'82"N, 82°25'82"W), and 2 were collected on 27 October 2006.
Trapping began on 8 November 2006, after AVM was confirmed histologically in the 2
coots collected from Petersburg cove.
Symptomatic coots from 3 different areas, Petersburg Cove, Moseley Creek, and
Double Branches, were captured from boats using dip nets. Many of the birds collected
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were swimming upside-down, separated from the main raft, and unable to fly when
flushed. The most seriously impaired birds were euthanized, examined histologically for
AVM-characteristic lesions, and diagnoses are listed in Table 3. The bird’s degree of
impairment was recorded at banding. Colored, numbered, plastic neck bands were
chosen for ease of visibility and individual identification (Bartelt and Rusch, 1980).
Banding was performed under an existing SCDNR permit with a special color
authorization for coots (#20682, Federal Bird Banding Laboratory). Symptomatic coots
were banded with plastic 25mm red neck bands (00-55; Pro-Touch Engraving,
Saskatoon, Saskatchewan, Canada) and United States Fish and Wildlife Service
(USFWS) aluminum leg bands (Series 1116-04401 to 1116-04456). The neck bands
were secured with vinyl cement (Bond #634, Bond Adhesives Company, Newark, New
Jersey, USA).
Asymptomatic coots were collected on 30 November 2006 from Petersburg Cove.
One asymptomatic coot from this group was euthanized and analyzed histologically for
AVM-characteristic lesions. A group of 330 coots were driven towards the shore using
boats and 13 were captured using an 18 x 9 m rocket net (Nichols Net and Twine, Granite
City, Illinois, USA).

Low capture rates were attributed to increased motility of

asymptomatic coots and reluctance to come to bait on the shoreline. These birds were
fitted with plastic yellow neck bands (00-13) secured with vinyl cement, and USFWS leg
bands (Series 1116-04454 to 1116-04466) and then released back into the cove (Table 3).
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Table 3: Coot neck band sites, number banded, presence of symptomatic coots, and
diagnoses of coots euthanized and examined from each group.
Site

Symptomatic

Coots diagnosed

Number banded

coots present

with AVM

Moseley Creek

Yes

1/1

17

Petersburg Cove

Yes

2/2

14

Double Branches

Yes

2/2

19

Petersburg Cove

No

0/1

13

Each site was visited approximately once per week over a 4-month period or until
the coots began their return migration. Transects were traveled during these visits by
boat and foot to document neck banded coots.

Coots were observed with 8-40X

binoculars (Nikon Zoom®) and a 20-40X (Kowa®) spotting scope.

Site does not

specifically refer to the one cove where the birds were originally captured but the general
vicinity, thus accounting for natural foraging movements within their home range. In
order to count as a “re-sighting” the color and number of the neckband had to be visible.
This was to ensure we did not inflate the re-sight rate by counting the same individual
more than once per visit.

Aerial and Ground Surveys
Monthly aerial surveys were conducted to monitor waterbird and bald eagle
numbers, and during latter months, bald eagle nest activity and success. Bald eagles
normally arrive on JSTL in November, incubation peaks in January, and by March most
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nests will have chicks older than six-weeks and productivity counts can be made. Bald
eagle “nest activity” was defined as adults building or maintaining nests and incubating.
Normally, the adult female will remain on the nest incubating but an adult pair in the
vicinity of a well-tended (containing fresh greenery) empty nest suggests the territory is
occupied. “Nest success” was defined as the presence of hatchlings and fledgling chicks.
Each flight was comprised of at least 2 observers and a pilot. For safety purposes,
the pilot was not an observer. Any congregation of birds, primarily coots, Canada geese
and mallards observed during the flights were recorded and these counts were averaged
between the observers. GPS locations were also recorded for each entry. The flights
followed the shoreline on the Georgia and South Carolina sides of JSTL. The flight
began at Plum Branch, McCormick County, South Carolina, USA (33°50'48"N,
82°17'09"W) and followed the shoreline to the Highway 43 Bridge, McDuffie County,
Georgia, USA (33°38'37"N, 82°26'57"W). The course then crossed the lake and returned
along the Georgia side. Because of poor weather cancellations and scheduling conflicts,
a February flight was not conducted.
Ground surveys were conducted in areas with large congregations of coots and
eagles in order to observe symptomatic birds and to collect carcasses for analysis. The
ground surveys were conducted as part of the coot banding study to re-sight banded birds,
but also in areas where eagles were nesting and large numbers of coots were seen during
flights. The ground surveys consisted of a team of 2 or more people walking along the
shore at the tree-line along pre-determined transects, while looking for carcasses or signs
of avian predation (i.e. feathers, bones).
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Bald eagle carcasses are recovered by the ACOE, SCDNR, GADNR, and the
public, especially hunters.

AVM has received media attention in the communities

surrounding JSTL, and members of the public commonly report or bring bird carcasses to
the local ACOE office. ACOE, SCDNR, and GADNR employees in the JSTL district are
familiar with symptoms of AVM and the established protocols for transporting live or
dead birds (on ice, not frozen) to SCWDS.

Scavenging Rate
While large numbers of symptomatic coots are observed during AVM outbreaks
at JSTL, very few carcasses are recovered (Thomas et al., 1998; Rocke et al., 2002;
Fischer et al., 2006).

To simulate an AVM epizootic event, coot carcasses were

randomly placed along a 7.9 km shoreline section at Bussey Point wilderness area
(33°41'52"7N, 82°15'07"W) and a 4.9 km shoreline section at Petersburg Cove. These
sites are central areas where AVM bird deaths have been documented. Thirty coots were
harvested from the Back River Reservoir on the Cooper River, Berkeley County, SC,
USA, a coastal area unaffected by AVM. Fifteen carcasses were placed at each site in
random intervals along the shoreline. Each carcass location was identified by GPS and
plastic flagging tape. The tape was tied near (<3m) and not affixed to the carcasses to
avoid discouraging or attracting potential scavengers. The carcasses were checked at 24,
48, and 72 h periods. If the carcass was not present, a ~10 m radius around the point was
searched. Evidence of scavenging (footprints, scat, etc) was noted.

63

Results
American coot banding study
Re-sighting rates were higher for asymptomatic birds than for symptomatic
(Figure 8). Sixty-nine percent of the asymptomatic cohort was re-sighted during the
weekly surveys. Asymptomatic birds were last identified on 20 February 2007. The
asymptomatic birds were re-sighted in the same general vicinity: distance between
re-sightings ranged from ~0.38 km to 2.3 km. Eight percent of the symptomatic birds
were re-sighted during the study. Six of the 7 total symptomatic birds re-sighted were
seen one day post-banding in the Moseley Creek and Double Branches areas. One
symptomatic banded bird from the Double Branches cohort was re-sighted on 16
November 2006, 1 week post-banding. This observation was the last symptomatic
banded bird seen alive during the weekly surveys. One red neck band (#14) was
recovered 5 December 2006 from Moseley Creek within coot remains underneath a noted
bald eagle perch tree. Distances between re-sighting for symptomatic birds ranged from
~21 m to 100 m.
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Percent re-sighted

Survey dates

Figure 8: Re-sightings of banded birds for each survey date, expressed as
percentage re-sighted of total symptomatic (n=50) and asymptomatic
(n=13) banded coots.

Aerial and Ground Surveys
Bald eagle nest successes were very low, and 12 bald eagle carcasses were
recovered. There was no nest activity in the 11 bald eagle nest territories on the South
Carolina side. Eight bald eagle nest territories were active on the Georgia side of JSTL
during the 2005-2006 season (Jim Ozier, pers comm.). Four of the 8 previously occupied
Georgia territories had occupied nests in November 2006. Two of these nests were
abandoned in November and the 2 remaining were successful. We observed and
photographed symptomatic bald eagles preying on sick coots in Petersburg cove on 2
occasions: 29 November 2006 and 18 December 2006. Eagle carcasses were recovered
by members of GADNR, SCDNR, ACOE, and the public. Seven of the 12 total bald
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eagle carcasses were fresh enough for a necropsy and AVM was ruled the cause of death
for all 7 birds.
Total birds recorded during aerial surveys varied considerably throughout the
migratory season and there was no discernible pattern in bird numbers from our aerial
surveys to suggest a massive mortality event (Figure 9). Total birds per flight for Canada

Total birds recorded

geese, mallards, bald eagles and coots are given in Appendix 1.

Flight dates
Figure 9: Total birds recorded, natural log (ln) transformed data, on
JSTL during the winter 2006-2007 aerial surveys.
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Scavenging Rate
Coot carcasses were quickly scavenged (Figure 10). Carcasses disappeared more
quickly from Petersburg Cove (60% gone in 24 h) than Bussey Point (40% gone in 24 h).
Signs of predation were noted during reconnaissance surveys. Plucked carcasses (piles of
feathers left behind), absence of tracks, and carcasses removed from islands were
interpreted as avian predation. Eleven of the carcasses removed were attributed to avian
predators. Mammalian predators removed 15 carcasses. Based on tracks at the carcass
location, ten of 15 mammalian predators were identified as members of the canine
family. The remaining four carcasses were removed from rocky substrate and no feathers

Coot carcasses remaining

were plucked.

Time interval, hours

Figure 10: Coot carcasses remaining after 0, 24, 48, and 72 h time
intervals at 2 JSTL sites, Petersburg Cove and Bussey Point, where AVM
has been documented.
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Discussion
The goals of this study were to: (1) Determine if symptomatic coots die on-site or
recover before return migration by observing cohorts of symptomatic and asymptomatic
coots identified by neck bands during an epizootic, (2) Use aerial and ground surveys to
document mortalities in populations of migratory birds and to evaluate eagle nest success,
and (3) Assess scavenging rates to better evaluate the severity of an AVM epizootic.
Our results suggest that symptomatic birds die quickly and that asymptomatic
birds remained unaffected by AVM. Neck banded coots represented a small portion of
total coots wintering on JSTL (~1.3%), and we recognize the limitations of our
interpretation of this study. It is difficult to extrapolate our results to entire wintering
coot population on JSTL. However, despite the small percentage of marked birds in
relation to total coots present, previous documentation of the coots’ site fidelity allow us
to have confidence in the conclusions from our observations.

Mortalities appear to be

most severe early in the season when the birds first arrived on JSTL. The coots began
arriving on 19 October 2006, symptomatic birds were first seen on 27 October 2006, and
were banded within 12 days. Only a small percentage of symptomatic banded birds (8%,
n=55) were re-sighted post-capture.
There are several possible explanations for the low re-sight rate of symptomatic
banded coots. Disease onset can occur in as little as 5 days after birds are introduced to
an AVM-affected site (Rocke et al., 2002). The amount of vegetation and associated
epiphytes that must be consumed to elicit AVM is unknown, although there appears to be
a threshold quantity (Rocke et al., 2002). Coots completing migration or stopping-over
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during migration have depleted fat stores (McWilliams, 2004). Upon arrival, the coots
consume larger quantities of aquatic vegetation, and, therefore may ingest large amounts
of the suspect cyanobacterium (Hendenstrom and Alerstam, 1998, Wikelski et al., 2003).
This increase in consumption of the hydrilla and suspect cyanobacterium may be over the
threshold limit for the suspect AVM toxin, explaining why symptomatic birds, and
mortalities, are most severe early in the season. We observed the asymptomatic birds
occupied a much larger home range than symptomatic birds: reduced foraging
movements by the sick birds would confine the birds to an affected area. Thus, if
foraging in an area that contains the toxic agent the coots would continue ingesting the
toxic agent until the critical threshold is reached at which neurologic impairment or death
occurs.
The overall health of the individual bird may increase susceptibility: Lewis-Weis
et al. (2004) documented higher incidences of AVM in chickens with rickets than birds of
good nutritional status. Wild birds are exposed to multiple stressors and sources of
pathological agents; therefore, their susceptibility to AVM is likely to be increased.
Also, behavioral modifications due to sublethal effects of toxicity may cause birds to be
more susceptible to predation (Brewer et al., 1996).
Asymptomatic birds were observed throughout the season during weekly
surveillance efforts for over 2 months (69% resighted, n=13). Asymptomatic birds were
not banded until 30 November 2006, almost 1 month after symptomatic coots were first
observed on JSTL. This was not intentional; we encountered problems capturing
asymptomatic coots. Several capture methods including cannon netting, dip-netting,
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walk-in, night-lighting, and drive trap were employed but with limited success
(Cummings et al., 1964; Crawford, 1977; Potter, 1987; King et al., 1993). Coots
exhibiting AVM symptoms were neurologically impaired, thus lacked coordination and
were much easier to catch and band than healthy asymptomatic birds. Asymptomatic
birds were not banded until 22 days after the symptomatic group was banded, and 6 days
after the last symptomatic banded bird was seen. We observed more symptomatic birds
early in the season and our results suggest these symptomatic birds died quickly. By not
banding asymptomatic birds until almost a week after the last symptomatic banded bird
was seen, the strength of our comparison was compromised. However, it does fulfill our
early-onset theory of AVM in which symptomatic birds die quickly and early in the
season after consuming enough of the etiologic agent to develop AVM. Asymptomatic
coots may either be late arrivals or occupying a new home range that has been vacated by
symptomatic birds that died from AVM.
The symptomatic banded birds may have dispersed into another, un-surveyed area
of JSTL post-banding and were thus not re-sighted during the study. However, because
we observed asymptomatic banded birds throughout the season in the same general
vicinity, we consider this explanation highly unlikely. Future studies using radio
telemetry to monitor symptomatic and asymptomatic coots during an AVM outbreak may
provide a more definitive mortality assessment.
We did not examine asymptomatic banded coots for presence of brain lesions at
the end of the season. AVM lesions have been documented in coots displaying clinical
behavior collected in February and March from 1998-2004 (Fischer et al., 2006).
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However, the lack of clinical symptoms does not translate to the lack of brain lesions
(Fischer et al., 2002). Future investigations should include a late-season collection of
asymptomatic coots for analysis.
We were unable to distinguish any sort of large-scale mortality event in any
species of migratory waterbirds from our flight data. Baseline values for coots
overwintering on JSTL in previous years were unavailable for comparison, but bird
numbers followed a logical migratory pattern: increasing from October to December and
then decreasing from January to March. The results from our banding study and the
flight observations suggest that AVM mortalities in coots on JSTL are most pronounced
in small, region-specific groups and do not have population level effects.
Record low nest success (2 nests of 19 territories) and 12 recovered bald eagle
carcasses indicated that AVM severely impacted the JSTL bald eagle population this
season. The bald eagle carcasses recovered during this study bring the total number of
confirmed or suspected AVM deaths on JSTL to 44. The 2 successful nests were located
above the Highway 378 Bridge; a point beyond which hydrilla is sparse and AVM has
not been diagnosed since 2004. Since 2004, the majority of eagle carcasses have been
recovered below this bridge where hydrilla and the associated cyanobacterium are
plentiful.

This supports our hypothesis that AVM is caused by a toxin-producing

cyanobacterium, which grows epiphytically on aquatic vegetation.
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AVM occurs during the winter months when bald eagles are confined to a
territory for mating and reproduction; therefore both adults and offspring are affected by
the disease. Fledged chicks from the previous year are also at risk because they will
return to their natal area each breeding season. In recent years the only area in Georgia
and South Carolina where occupied bald eagle breeding territories has declined is the
Savannah River Watershed, a portion of which is comprised by JSTL. Since AVM was
first diagnosed on JSTL in 1998, it has impacted both occupied breeding territories and
fledged chicks. Statistical analysis of the bald eagle databases for both South Carolina
and Georgia showed that slopes of fledged young and occupied nests were statistically
different for the Savannah River drainage when compared to coastal and inland
populations (Birrenkott, 2003). JSTL is the northernmost reservoir in SC to support a
viable bald eagle population. The damage AVM has inflicted to this population may
negatively impact re-colonization of upstate reservoirs, Russell, Hartwell, Keowee, and
Jocassee, and recruitment and nest success of the Savannah River drainage population.
Scavenging rates indicated that coot carcasses disappear from the JSTL shoreline
very quickly, and that in some areas scavengers may be conditioned to coot carcasses as a
food source. Carcasses from Petersburg Cove were scavenged quicker than the Bussey
Point carcasses. The Petersburg Cove area had more sightings of symptomatic coots this
season, perhaps causing predators/scavengers to be attracted to the clumped food source
and/or conditioned to availability of coot carcasses (Linz et al., 1991). The carcasses in
this study were randomly placed along the exposed shoreline. This method was chosen
because coot carcasses recovered have been along the shoreline and severely affected
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birds have been observed staggering from the water onto the shoreline before collapsing.
Had we placed carcasses in vegetation and in the water the scavenging rates may have
varied considerably. A scavenging rate study using duck carcasses found that carcasses
in exposed positions persisted a shorter time than did carcasses concealed by vegetation
or in water (Pain et al., 1991). This variable was not examined in our study, but as more
observations are made of symptomatic coots’ behavior during an AVM epizootic it may
be necessary to address.
Throughout this opportunistic assessment, disease surveillance proved most
valuable during site-specific boat and shoreline surveys. During these surveys, neckbanded birds were re-sighted, carcasses were recovered, and symptomatic behavior was
observed. Because JSTL is such a large reservoir, aerial surveys were the most efficient
way to determine waterbird numbers and distribution, and to monitor bald eagle nest
activity. The combination of these two survey approaches was necessary to assess the
multiple objectives of this disease study on such a large reservoir.
The implications to wildlife, pathology, and etiology of AVM all must be further
explored. Although the bald eagle has recently been removed from the federally
endangered species list, the data gathered during this and other AVM investigations
illustrate the importance of continued monitoring and research on reservoirs affected or
potentially affected by AVM. Future research regarding pathology include mode of
action, exposure time and concentration of putative toxin necessary to produce the
disease, and chronic versus acute exposure effects. If the suspect Stigonematalan
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cyanobacterium is in fact the etiologic agent, its association with invasive aquatic species
may increase the range of AVM when new reservoirs are colonized by these species.
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CHAPTER 5
AN ECO-EPIDEMIOLOGICAL ASSESSMENT OF AVIAN VACUOLAR
MYELINOPATHY ON A SOUTHEASTERN RESERVOIR

Introduction
Avian Vacuolar Myelinopathy (AVM) is a neurological disease that affects
waterbirds and their avian predators in the Southeastern United States. The disease was
first documented in the winter of 1994 at DeGray Lake, Arkansas when 28 bald eagles
(Haliaeetus leucocephalus) were found dead or dying (Thomas et al., 1998). Since then
AVM bird deaths have been confirmed in reservoirs from Texas to North Carolina, and is
responsible for the death of over 100 bald eagles and thousands of American coots
(Fulica americana) (Rocke et al., 2002; Fischer et al., 2006). The disease has been
documented in 5 orders of wild avifauna: Gruiformes, Falconiformes, Anseriformes,
Strigiformes and Charadriiformes (Thomas et al., 1998; Augspurger et al., 2003; Fischer
et al., 2006). AVM is characterized by microscopic lesions in the white matter of the
central nervous system, and are often most severe in the optic lobe (Thomas et al., 1998).
Research has shown that AVM transmission is dietary: herbivorous waterbirds ingest
aquatic vegetation and associated epiphytes and the birds are then eaten by raptors
(Rocke et al., 2002; Fisher et al., 2003; Lewis-Weis et al., 2004; Birrenkott et al., 2004;
Wiley et al., 2007a; Haynie, Chapter 2,3).
Despite numerous investigations the cause of AVM remains unknown. A novel
epiphytic cyanobacterium, in the Order Stigonematales, has been identified both
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morphologically and genetically using real-time polymerase chain reaction (PCR), on
aquatic plant samples collected from sites where bird deaths from AVM have been
documented (Wilde et al., 2005; Williams et al., 2007). Numerous cyanophytes produce
toxins that harm fish and wildlife: species and strains of Anabaena, Aphanizomenon,
Oscillatoria, and Trichodesmium produce neurotoxins (Carmichael, 1992; Fawell et al.,
1993; Gupta, 1998). Recently, an extract of hydrilla and associated algal species,
including Stigonematales, induced AVM when fed to mallard ducks (Wiley et al.,
2007b). AVM epizootics have only been documented from October through March, thus
suggesting that seasonal environmental fluctuations trigger the cyanobacterium to begin
toxin production (Rocke et al., 2002; Wilde et al., 2005). Our working hypothesis is that
AVM is caused by an uncharacterized neurotoxin produced by this novel cyanobacterium
(Wilde et al., 2005; Williams et al., 2007).
Studies have assessed disease prevalence, mortality rates and population level
effects in coots and bald eagles wintering on Lake J. Strom Thurmond, (JSTL)
34°40'40"N, 82°13'0"W, located on the Georgia-South Carolina border (Birrenkott et al.,
2003; Fischer et al., 2006; Haynie, Chapter 4).

AVM occurs during the winter months

when bald eagles are confined to a territory for mating and reproduction; therefore both
adults and offspring are affected by the disease. Fledged chicks from the previous year
are also at risk because they will return to their natal area each breeding season. While
overwintering on Southeastern reservoirs, such as JSTL, the coots’ primary food source is
hydrilla (Montalbano et al., 1979; Hardin et al., 1984; Elser, 1989), which harbors the
suspect cyanobacterium, and bald eagles feed preferentially on coots (Griffin, 1982;
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Bryan, 1998). Sick birds tend to seek heavy cover and elude capture, therefore AVM
morbidity, mortality, and population-level effects may be underestimated at JSTL, and
other affected reservoirs.
When a problem, such as AVM, is serious yet the exact cause remains uncertain
and research and data are incomplete in some areas, an informed management decision
can be reached by analyzing the existing body of research according to ecoepidemiological criteria (Fox, 1991; Wren, 1991). Recently, the United States Army
Corps of Engineers (ACOE), who manage JSTL, have instigated discussions between
scientists in order to formulate a management plan for reducing AVM-related wildlife
mortalities (A. Dean, pers. comm.). These discussions have generated debates over
whether the Stigonematalan cyanobacterium is the causative agent, and if the
consequences of AVM to wildlife are severe enough that a management action is
necessary. Discrepancies between scientific reports and publications make it difficult for
one not directly involved in the research to formulate a well-developed evaluation
(Pitelka and Raynal, 1989). The purpose of this paper is to analyze the existing body of
AVM research using an eco-epidemiological approach (Susser, 1986; Fox, 1991; Wren,
1991), to identify a cause-effect linkage by critically testing our hypothesis: AVM is
caused by an epiphytic toxin producing Stigonematalan cyanobacterium, and has
detrimentally affected bald eagle productivity and coot populations. Effects of AVM on
bald eagle productivity and coot populations will be analyzed specifically according to
available data from JSTL. The secondary purpose of this paper is to provide a review of
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existing AVM research that will identify gaps in research that may strengthen the causeeffect linkages.

Existing Research
This section is divided into research conducted by the South Carolina AVM
Working Group, and research conducted outside it. The South Carolina AVM Working
Group is an inter-agency, interdisciplinary group of scientists who, since 2002, have been
investigating the etiology of AVM, the range of susceptible species (birds, mammals,
etc.), and its effects on wildlife. Our working group has received support and
collaborated with agencies from other states and federal entities conducting AVM
research.

Research Conducted Outside South Carolina AVM Working Group
During the winter of 1994-1995 29 bald eagles were found dead or dying at
DeGray Lake, Arkansas, USA. Scientists from the National Wildlife Health Center
(NWHC), Madison, Wisconsin, USA conducted epidemiological studies and performed
diagnostic evaluations of recovered carcasses (Thomas et al., 1998). Bald eagles and
coots at the reservoir were displaying behavioral symptoms suggesting neurologic
impairment including difficulty swimming or flying, limb paresis, decreased withdrawal
reflexes, and loss of righting reflex (Thomas et al., 1998; Larsen et al., 2002). When the
symptomatic birds were examined, there were no consistent gross abnormalities or
infectious disease agents apparent in either species except for microscopic vacuoles in the
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white matter of central nervous system (CNS). This specific type of lesion, an
intramyelinic edema, is caused by splitting of the myelin lamellae at the intraperiod line,
and was confirmed by electron microscopy (Thomas et al., 1998). Bromethalin,
hexachlorophene, triethyltin, and several other chemicals are known to elicit this
condition, but were not detected in tissues of affected birds. This outbreak was the first
report of vacuolar myelinopathy associated with mortality in wild birds.
AVM was documented in 3 orders of wild avifauna, Gruiformes, Falconiformes,
and Anseriformes, on a central North Carolina reservoir, Woodlake (35°14'N, 78°12'W),
between 6 Nov 1998 and 11 Feb 1999 (Augsperger et al., 2003). AVM was confirmed in
2 ring-neck ducks (Aythya collaris), 6 mallards (Anas platyrhynchos) and 2 bufflehead
ducks (Bucephala albeola) after diagnostic evaluation at the Southeastern Cooperative
Wildlife Disease Study (SCWDS). In 1990, 5 coots recovered and examined from this
site were later speculated to have suffered from AVM. This assertion was based on
personal communication with local wildlife management and veterinary diagnostic
agencies, however, no tissue samples were collected so that the cases could be reexamined.
Field studies conducted between 1998 and 2001 at Woodlake, indicated that the
disease onset was rapid, contracted on-site, seasonal in occurrence, and that an exposure
threshold exists (Rocke et al., 2002). AVM was documented by the NWHC in coots
from Woodlake in 1997, and unpublished data suggests AVM may have occurred on the
site since 1990. Wild coots and farm-raised mallards were released onto Woodlake and
exhibited clinical symptoms within 5-7 days, and AVM was confirmed after histological
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analysis of brain tissues. Birds released during summer and early fall did not develop
clinical symptoms or lesions. The results suggest that AVM is seasonal, occurring from
late fall to winter, and most severe in November and December.
Attempts to identify the unknown AVM toxicant by chemical analyses of the
organic compounds present in biotic and abiotic samples taken from lakes both affected
and unaffected by the disease were unsuccessful (Dodder et al., 2003). Lipophilic
organic compounds in lake sediment and American coot tissues were quantitatively
analyzed. The samples were collected between November 1999 and February 2000 from
4 reservoirs with documented AVM mortalities and 3 reservoirs with no known AVM
mortalities. However, none of the compounds detected were consistently present in both
sediments and coot tissues in sites where AVM had been documented and sites with no
history of AVM.
A series of laboratory exposure scenarios conducted in 2002 during November
and December failed to transmit AVM to mallard ducks (Larsen et al., 2003). Six groups
of 8 mallards were used in these studies. One group of farm-raised mallards was housed
with AVM-affected coots collected from Woodlake. Three additional groups received
water, aquatic vegetation (Hydrilla verticillata), and sediment (respectively) from
Woodlake. The remaining 2 groups served as controls and received commercial duck
chow. No birds exhibited clinical behaviors during the course of the study. Diagnositc
examination revealed that no birds developed AVM-characteristic brain lesions.
Laboratory feeding studies were conducted to determine the etiologic agent of
AVM and the route of disease transmission (Rocke et al., 2005). Aquatic vegetation
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(hydrilla), invertebrates, plankton, forage fish, and sediments were collected from
reservoirs during AVM outbreaks and both affected and unaffected by AVM. Wild
captured coots, farm-raised mallard ducks, ducklings, and quail (Coturnix japonica), and
laboratory mice (Mus mus) were divided into treatment groups and either fed ad libitum
or gavaged from these collections. In an additional study, tissues harvested from AVMaffected coots were fed to mallard ducklings, kestrels (Falco tinnunculus), and crows
(Corvus brachyrhynchos). Mallards that received vegetation from AVM-affected
reservoirs did not display clinical symptoms but did develop characteristic AVM brain
lesions. These results suggested that the causative agent either accumulated in aquatic
vegetation, or is associated with a species living epiphytically on the vegetation. In
support of this theory, 3 coots fed vegetation from the reservoir with an active AVM
outbreak exhibited neurologic symptoms during the trial.

Diagnostic examinations

revealed that none of these sick coots had developed lesions consistent with AVM, and
there were no gross or histological lesions in other tissues. It was unclear if these coots
died from AVM. The researchers hypothesized that the birds may not have ingested a
dose sufficient to elicit brain lesions (Rocke et al., 2005).
Laboratory investigations indicate that AVM transmission from waterbirds to
birds of prey involves a dietary or food-chain component.

Experimental vacuolar

myelinopathy was confirmed in red-tailed hawks (Buteo jamaicensis) fed tissues from
coots diagnosed with AVM (Fischer et al., 2003). Five red-tailed hawks were fed tissues
from confirmed AVM-positive coots and 1 red-tailed hawk was fed tissues from AVM
negative coots, each for 29 days. Microscopic lesions of AVM were discovered in all 5
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hawks receiving treatment material, but none of the hawks displayed clinical symptoms.
No lesions were observed in the hawk that received tissues from the unaffected coots.
This investigation proved that, under laboratory conditions, predatory birds could
contract AVM via ingestion of tissues from affected coots.
A suite of feeding studies was performed to assess susceptibility of mammals to
AVM using domestic swine (Sus scrofa), and to evaluate domestic chickens (Gallus
domesticus) as an animal model (Lewis-Weis, et al., 2004). Chickens and swine were fed
tissues from coots diagnosed with AVM collected during an outbreak. A red-tailed hawk
was fed from this collection to serve as a positive control (Fischer et al., 2003). Negative
control chickens and swine were fed coot tissues from reservoirs with no history of
AVM. According to treatment group, chickens and swine received brain, fat, intestinal
tract, kidney, liver, and/or muscle, or a combination of all tissues. A separate group of
chickens were fed hydrilla collected from a reservoir during an AVM outbreak. Chickens
were also fed hydrilla from an unaffected reservoir as a negative control for the
vegetation feeding trial. All treatment chickens exhibited varying degrees of clinical
behavior during the trials. Microscopic vacuolar lesions were apparent in the red-tailed
hawk and treatment chickens that received coot digestive tracts or combined tissue.
Treatment swine did not exhibit clinical behaviors nor develop microscopic vacuolar
lesions. Chickens that received vegetation from an affected reservoir also developed
AVM-characteristic brain lesions.

None of the negative control animals displayed

clinical behaviors or develop histological symptoms. Several important conclusions were
drawn from this study. Swine may either not be susceptible to AVM or may not have
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ingested a dose sufficient to elicit behavioral or histological symptoms. The causative
agent appears to be associated with the digestive tract in coots. This study also suggested
that the causative agent is present in materials associated with aquatic vegetation.
Diagnostic and epidemiologic studies were conducted annually on JSTL, located
on the Savannah River on the South Carolina-Georgia, USA border, during October March from 1998-2004 (Fischer et al., 2006). During active disease surveillance, AVM
was either confirmed or suspected as the cause of morbidity or mortality of 28 bald
eagles, 16 Canadian geese (Branta canadensis), 6 coots, 2 great-horned owls (Bubo
virginianus), and 1 killdeer (Charadrius vociferus). Coots were collected annually and
17-94% of coots sampled had developed microscopic vacuolar lesions, indicative of
AVM. Thirty Canadian geese collected in June 2002 did not have AVM lesions, thus
suggesting availability of the causative agent may be seasonal.

AVM was not

documented in 10 beavers (Castor canadensis), 4 raccoons (Procyon lotor) or 1 gray fox
(Urocyon cinereoargenteus) collected and examined. However, neurologic impairment
and death of beavers, including 1 at JSTL (November 2001) during AVM epizootics have
been observed. This study documented the largest AVM-related bald eagle mortality
since AVM was first described in 1994. This study was also first to document AVM in
Strigiformes and Charadiformes.
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Research Conducted by the South Carolina AVM Working Group
Individuals that later formed the SC AVM Working Group became involved in
AVM research in 2001, when they began investigating the aquatic plant-matrix as the
source of the AVM toxin. Scientists characterized the epibiota growing epiphytically on
and associated with aquatic vegetation samples from affected reservoirs (Wilde et al.,
2005). Pseudanabaena catenata and an unknown species within the Order
Stigonematales, were the 2 most abundant species found on hydrilla collected from JSTL
during a November 2001 AVM-outbreak (Wilde et al., 2005). A series of laboratory
studies were conducted to assess routes of oral and dermal exposure of birds to hydrilla
and associated algal species and evaluated their ability to cause AVM (Birrenkott et al.,
2004). Hydrilla used in these studies was collected from JSTL, and is referred to as
“hydrilla material” to account for epiphytic and associated algal species. In the 2001
trial, Bobwhite quail (Colinus virginianus) and mallards were exposed to fresh hydrilla
material, collected during November 2001. In a separate trial, mallards were exposed via
oral gavage to a culture of P. catenata obtained from hydrilla material, a freeze-dried
culture of Haplosiphon fontinalis, or a slurry of frozen hydrilla material with both species
present. A second mallard trial, conducted in 2002, again exposed the birds to hydrilla
material. Results of all trials were negative or inconclusive except for the 2002 hydrilla
material exposure mallard trial. Two of 4 mallards in the 2001 trial developed suspect
AVM lesions, but ultimately the results were inconclusive due to artifactual changes in
brain tissue consistent with postmortem decomposition and physical changes to the
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specimens. In the 2002 trial, 1 mallard exhibited clinical symptoms and 6 of 9 birds fed
hydrilla and epiphytes from JSTL developed characteristic lesions.
Treatment hydrilla material was collected from 3 different areas and was selected
for heavy coverage of the unidentified Stigonematalan species (50-90% leaf coverage).
However, the feeding regime was not altered to expose each group to the same amount of
the cyanobacterium. Differences in incidences of AVM in each treatment group
suggested that the hydrilla material collected from certain areas may have contained more
of the cyanobacterium than other collections, and were therefore more toxic when
ingested. This study also established that the causative agent is likely acquired from an
aquatic source.
Analysis of the South Carolina and Georgia Bald eagle databases showed
decreased productivity in breeding areas along the Savannah River watershed (Birrenkott,
2003).

The slopes of fledged young and occupied breeding areas are significantly

different for the Savannah River drainage population compared to coastal or inland
populations. At least 12 breeding territories have been lost, and to date (2008), there
have been 44 confirmed or suspected AVM mortalities in bald eagles on JSTL. These
analyses suggest that the cause of the decline in bald eagle productivity may be a direct
consequence of AVM.
AVM was linked to exotic aquatic plants and a novel cyanobacterium species
through a series of vegetation collections and a mallard field trial (Wilde et al., 2005).
Vegetation surveys documented the epiphytic Stigonematalan cyanobacterium is
prevalent in all reservoirs where AVM epizootics have occurred and is rare or not found
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at sites where AVM has not been diagnosed (Wilde, et al. 2005). Fifty taxa were
characterized when screening vegetation samples for the suspect cyaonobacterium. The
assemblages included Bacillariophyceae (diatoms), Chlorophyta (green algae), and
Cyanophyta (cyanobacteria).

Vegetation samples were collected with a rake at an

average depth of 0.6 to 1.5 meters and store on ice until examined. Several samples from
each collection were examined. Three randomly selected entire leaves from each sample
were mounted on a glass slide and epiphytes were identified morphologically using
epifluorescent microscopy. The abundance of the Stigonematalan cyanobacterium was
expressed as percent surface area coverage: present (1-25%); common (26-50%);
abundant (51-75%); or dominant (76-100%).

Morphological identification of the

cyanobacterium was confirmed genetically using a gene-specific real time PCR probe
(Williams et al., 2007).
A mallard trial was initiated on 29 October 2003 on Davis Pond (33°42’23”N,
82°08’15”W), a 1.6 ha farm pond approximately 6.8 km east of JSTL. Twenty farmraised adult male mallards were released onto the pond and the trial continued for 6
weeks. During the study 5 mallards developed clinical symptoms of AVM and were
collected, euthanized and AVM was confirmed after histological analysis. At the end of
the 6-week trial, 10 additional mallards were collected and AVM was confirmed
histologically in all. Prior to this study, AVM had only been documented on reservoirs
greater that 450 ha. If the etiologic agent is indeed the Stigonematalan cyanobacterium,
the potential exists for small, isolated ponds to be affected by AVM. This study also
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documented a strong, positive correlation between presence of the suspect
cyanobacterium in a reservoir and AVM epizootics.
The novel suspect cyanobacterium was successfully isolated and identified
(Williams et al., 2007). Monocultures of the cyanobacterium were established from
environmental samples using nitrogen-free media.
indicated

that

the

previously

undescribed

Morphological characterization

cyanobacterium

is

true-branching,

heterocystous, and filamentous. These characteristics and genetic analyses placed the
cyanobacterium in the Order Stigonematales (Williams et al., 2007). DGGE (denaturing
gradient gel electrophoresis) was used to isolate the target 16S rRNA sequence identity
from field-collected isolates of the cyanobacterium. The full 16S rRNA sequence data
was then aligned with and compared to other cyanobacteria rRNA sequences to evaluate
the species’ phylogeny and to determine designations for probe development. A real time
PCR assay was successfully developed and enables rapid detection of the Stigonematalan
cyanobacterium from environmental samples and culture isolates.
The link between AVM and the novel cyanobacterium was investigated through
laboratory feeding trials (Wiley et al., 2007a). Mallards and chickens were fed aquatic
vegetation (hydrilla) with naturally-occurring colonies of the Stigonematalan
cyanobacterium and vegetation (hydrilla) without the cyanobacterium. The vegetation
was collected in early October 2003 and in November-December 2003 from JSTL and
Lake Marion, a reservoir with no known history of AVM. Presence or absence of the
cyanobacterium was confirmed morphologically and using the real-time PCR probe.
Although the cyanobacterium was identified from both JSTL collections, birds in the
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October collection trial did not develop AVM, but birds fed material from the NovemberDecember collection did contract AVM. No birds that received vegetation from the
control reservoir developed AVM. This study confirmed that AVM is seasonal and is
linked to ingestion of aquatic vegetation containing the Stigonematalan cyanobacterium.
A solvent extraction procedure was developed and used to obtain an extract of
hydrilla and associated epiphytes (Wiley et al., 2007b). Hydrilla was collected from sites
where AVM epizootics had been documented and sites with no known history of AVM,
and the samples were then screened for presence or absence of the suspect
cyanobacterium and other epiphytes. After the vegetation was lyophilized, it was
extracted using hexanes, acetone, and methanol. Each extract was administered via oral
gavage to mallards during a 4-week trial. Mallards were also gavaged with live cultures
of the Stigonematalan cyanobacterium. AVM- characteristic lesions were documented in
all mallards (n=3) that received the methanol extract and mild to suspect lesions were
apparent in the acetone fraction. No clinical behaviors were observed in any birds.
Vomiting in the methanol group suggested the extract might have emetic properties.
The crude methanol extract was further fractionated and its toxicity was evaluated
in vivo and in vitro assays (Wiley, 2007). A crude extract was produced from vegetation
collected during AVM epizootics using previously developed methods (Wiley et al.,
2007b). Using liquid-liquid extraction and C18 solid phase extraction (SPE), several
fractions were isolated from this crude extract and covered a full range in polarity.
Treatment groups of young chickens (9-day old) and laboratory mice (20g) were gavaged
with these extracts. No animals exhibited clinical behaviors during the trials. The mice
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developed concentric lesions in hippocampal region, but these were ruled to be formalin
artifacts (Wiley, unpubl. data). The chicks developed tiny diffuse lesions in the white
matter of the brain, but these lesions were also considered inconclusive. Fractionated
extracts and the original crude methanol extract induced significant cell-cycle arrest in C6
rat glioma cells. Extracts from unaffected reservoirs either failed to induce or induced
mild effects at this endpoint. The in vitro assay successfully detected toxicity in both
crude methanol and fractionated extracts, but because the results from the in vivo
fractionation assay were inconclusive, the presence of the AVM toxin could not be
confirmed in the fractions.

Cause-Effect Linkages
Definitions
It is important to first define the “cause” and “effect” before analyzing the
relationship between the two in order to establish a cause-effect linkage (Susser, 1986).
Based on our working hypothesis, the “cause” is that a naturally-occurring cyanotoxin
produced by the Stigonematalan cyanobacterium is ingested by waterbirds and results in
AVM. “Effects” refer to biological responses to the cause (Susser, 1986). A wide
variety of biological responses to AVM have been measured. These biological responses
have been measured in birds as histological changes and behavioral modifications. At
JSTL, specifically, decreased reproductive successes in bald eagles, and potential
changes in population structure of both bald eagles and coots, are measures of biological
response. Five criteria are commonly used by epidemiologists to analyze data and infer
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cause-effect linkages and have been adapted to ecotoxicological applications (Susser,
1986; Wren, 1991). In the following sections, the available AVM data is discussed in
reference to these criteria. Inferences are made as to whether the research supports,
detracts, or does not influence the cause-effect linkage hypothesis.

Time Order
“Cause must precede the effect in time order” is considered an essential
epidemiological criterion (Fox, 1991). In terms of our hypothesis, this criterion requires
the suspect cyanobacterium to be present at a site prior to the introduction or arrival of
migratory birds that are subsequently affected. The cyanobacterium has been
documented, in lesser densities, from aquatic vegetation collected from affected
reservoirs during summer and spring months (Wilde, unpubl. data). Furthermore,
invasive aquatic plants, which provide substrate for the cyanobacterium, were present
before the AVM was described. Hydrilla was first discovered in JSTL in the summer of
1995 and AVM was confirmed in 1998 (A. Dean, unpubl. data). Field trials
demonstrated that AVM is contracted on-site, indicating that the causative agent was
present in the environment before the introduction of healthy birds (Thomas et al., 1998;
Augspurger et al., 2003; Wilde et al., 2005). Field trials conducted at Davis Pond
specifically documented the presence of the suspect cyanobacterium before releasing
healthy birds onto the site. The existing data strongly supports this criterion.
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Strength of association
In environmental applications of these criteria, relative risk is expressed as: the
ratio of incidence of a disorder in a population exposed to the suspect causal agent to the
incidence of the disorder in a comparable population not exposed to the suspect causal
agent (Susser, 1986; Fox, 1991). The stronger the strength of association for the
hypothetical etiologic agent the more likely it is to be causal (Fox ,1991). The incidence
of AVM has been evaluated in populations of waterbirds on different reservoirs (Thomas
et al., 1998; Augspurger et al., 2002; Rocke et al., 2002; Fischer et al., 2006; Haynie,
Chapter 4). Vegetation sample collection and screening have shown that in systems
where the cyanobacterium is present in large quantities, AVM bird deaths occur routinely
(Wilde et al., 2005). The Stigonematalan cyanobacterium has been identified on aquatic
plants from reservoirs with no history of AVM, but in very low densities (Wilde et al.,
2005). Laboratory feeding studies have evaluated the incidence of AVM in birds
exposed to the cyanobacterium and not exposed to the cyanobacterium (Birrenkott et al.,
2004; Haynie, Chapter 2). The incidence of AVM on reservoirs where the
cyanobacterium is not present has not been evaluated by bird collection and histological
analysis. It is impossible to quantitatively calculate relative risk because this information
is lacking. However, there have been no reports of similar effects or mortalities in
populations of wild birds at other locations.
Because historical migratory data for coots on JSTL is incomplete, it is difficult to
compare population numbers before and after AVM was documented. However, a
detailed, complete record of bald eagle breeding pairs and nest success exists for JSTL.
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Statistical analysis of the bald eagle databases for both South Carolina and Georgia
showed that slopes of fledged young and occupied nests were statistically different for
the Savannah River drainage when compared to coastal and inland populations, which are
unaffected by AVM (Birrenkott, 2003).

Specificity
According to the epidemiological criteria, specificity refers to the precision with
which the occurrence of 1 variable will predict the occurrence of another (Susser, 1986;
Fox, 1991). This criterion may be assessed in 2 directions: the specificity in effects of a
given causal factor or the specificity in the cause of a given effect.
The available research does not support specificity in the cause of a given effect.
Several anthropogenic and naturally occurring compounds can elicit intramyelinic edema,
the characteristic AVM-lesion. Reduction in populations of coots and bald eagles are not
specifically caused by AVM; a variety of factors may influence population numbers.
From 1998-2008, 44 bald eagle carcasses were recovered from JSTL, and 4 were
confirmed to have died from mercury exposure, not AVM (A. Dean, unpubl. data).
Laboratory experiments have shown a very specific effect, formation of the
characteristic AVM lesions, when exposed to the vegetation containing the suspect
cyanobacterium (Birrenkott et al., 2004; Wiley et al., 2007a, b; Haynie, Chapter 2,3).
However, these results cannot be extrapolated to the field. A laboratory feeding study
that did not attempt to document cyanobacterium density on the vegetation, did not
produce AVM in mallards (Larsen et al., 2002). We feel that this study does not detract
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from the existing support of specificity because there was no documentation of epiphytes
or the suspect cyanobacterium on the vegetation collected and used in the trial.

Consistency
Consistency is the epidemiological alternative to exact replication and requires
consistent results in a variety of repeated tests (Fox, 1991; Wren, 1991). Characteristic
behaviors and histological changes (lesion formation) have been observed in laboratory
studies in which birds were exposed to vegetation from affected reservoirs (Lewis-Weis
et al, 2004; Rocke et al., 2005). The same results were found in the laboratory when
birds were exposed to vegetation, with documented high densities of the suspect
cyanobacterium, collected from affected reservoirs, (Birrenkott et al., 2004; Wiley et al.,
2007a; Haynie, Chapter 2,3), and when gavaged with an extract of this material (Wiley et
al., 2007b). Although Larsen et al. (2002) failed to transmit AVM to mallards, the results
from the remaining studies provide high positive consistency, and support our causeeffect linkage. However, this positive consistency cannot be extrapolated to field studies
and applies only to controlled, laboratory studies.
AVM has been documented annually on JSTL since 1998, with particularly high
incidences of the disease in coots and bald eagles (Fischer et al., 2006; Haynie, Chapter
4). Although high numbers of symptomatic coots are observed during epizootics,
mortalities and population-level effects in have proven difficult to quantify because
carcasses are rarely recovered for histological analysis (Thomas et al., 1998; Fischer et
al., 2006; Haynie, Chapter 4). AVM is cited as the cause of declines in bald eagle
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productivity at JSTL and the Savannah River drainage (Birrenkott, 2003). This study is
well- supported by field collections and analysis of bald eagle carcasses, and detailed
productivity surveys. However, consistency is low in each field study because declines
in populations cannot be considered direct effects of a single causal agent.

Coherence
Coherence must support preexisting theories; research conducted does not conflict
with life history data of organisms affected or general disease biology (Susser, 1986).
Epidemiologists discuss coherence in terms of 4 fundamentals: theoretical, biological,
factual, and statistical fit.
Theoretical: It is strongly theoretically plausible that a neurotoxin produced by a
cyanobacterium could cause an epizootic that, over time, may affect regional populations
of susceptible species. Field and laboratory data support this theory.
Biological: Extrapolation from laboratory studies to the field indicates the causal
relationship is biologically plausible. It is difficult to extrapolate results from the
laboratory to the field in our studies because, while the suspect cyanobacterium can be
detected in a vegetation sample, the presence, absence, or concentration of the toxin
cannot be quantified. It is also difficult to extrapolate bird deaths in a controlled
laboratory study to the field where many other variables will be present. However, based
on preexisting studies, it is plausible that cyanobacteria are capable of producing toxins
that can harm wildlife (Carmichael, 1992; Fawell et al., 1993; Gupta, 1998).
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Factual: The proposed effect, reduction in regional coot populations and bald
eagle productivity, receives intermediate support from factual data. It is convincing that
bald eagle productivity has decreased in the study area, but large-scale reductions in coot
numbers are not supported by the facts. The proposed effect receives intermediate
support from the existing data.
Statistical: There are no statistical relationships between the cause and effect in
all affected areas. The presence of the suspect cyanobacterium from aquatic plant
samples is highly correlated with reservoirs where AVM has been documented (Wilde et
al., 2005), but this relationship has not been statistically tested. Decreases in bald eagle
productivity at JSTL and along the Savannah River drainage has been demonstrated
statistically (Birrenkott, 2003). However, it is difficult to quantify measures of exposure
to the causal variable because large sample sizes are field studies, and because fresh brain
tissue is required to positively diagnose AVM. Hill’s criteria of causation warns
biologists and regulatory agencies against relying on statistical significance alone; given
that systematic error is often greater than random error (Susser, 1986). If a study lacks
statistical significance there are quantitative but not logical grounds for rejecting an
epidemiological hypothesis (Susser, 1986).
A quantitative dose-response curve does not exist for AVM for herbivorous or
predatory birds. Data from feeding and gavage studies have been used to estimate
qualitative dose-response relationships based on the approximate amount of material
ingested by the animal before AVM was confirmed. These estimates vary in each study
because of uncontrollable variation in the concentration of the suspect toxin that is
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present in the vegetation-matrix or in tissues of affected birds. Future investigations are
necessary to isolate and characterize the toxin so that a quantitative dose-response
relationship can be formed.

Conclusions and future directions
The research analyzed intermediately supports a cause-effect linkage between
incidents of AVM and presence of the Stigonematalan cyanobacterium. Declines in bald
eagle productivity on JSTL are supported weakly by this epidemiological analysis, and
reduction in over-wintering coots on JSTL is not supported. Toxin extracted from pure
culture isolates and introduced into an avian model will strengthen the causal link
between AVM and the suspect cyanobacterium. Monitoring and documentation of this
species in reservoirs affected by AVM will also strengthen this relationship.
Comparisons of bald eagle populations at other reservoirs affected by AVM will
help to establish a more definitive cause-effect linkage between the disease and declines
in bald eagle productivity on JSTL. Continuing to monitor and document AVM
mortalities in bald eagles at JSTL will also strengthen this linkage. Because histological
analysis of fresh brain tissues is the only way to positively diagnose AVM, it is important
to recover carcasses quickly. AVM has been suspected in 26 bald eagle mortalities since
1998, but the carcasses were too decayed for a necropsy. A decline in over-wintering
coot populations due to AVM was the least-supported causal relationship according to
epidemiological analysis of existing data. Previous studies have indicated that high
percentages of coots on affected reservoirs exhibit clinical behaviors and/or characteristic
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lesions but carcasses are rarely found (Thomas et al., 1998; Fischer et al., 2006, Haynie,
Chapter 4). Better measures of exposure to the suspect cyanobacterium and subsequent
confirmation of mortalities are necessary to support this claim.
The purpose of this paper was to provide managers and the scientific community
with a systematic, epidemiological analysis of existing AVM research and data that will
be necessary to formulate a sound management program. The decision to develop and
implement management strategies to mitigate the effects of AVM is up to the reservoir
managers. However, this analysis of existing AVM research presents a good argument in
favor of development and implementation of a management plan. A causal link between
the Stigonematalan cyanobacterium and AVM has been established by this analysis.
Although the etiology of AVM is not entirely understood, the disease poses an
undeniable threat to the health of waterfowl and predatory bird, namely bald eagle,
populations in the Southeast. Continued research, monitoring, and management actions
will be necessary to better understand the epidemiology of AVM and protect vulnerable
species.
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CONCLUSIONS

One of the most important goals of this study was to determine if grass carp are an
appropriate means of aquatic vegetation control in reservoirs affected by AVM, and if
they may function as a vector of the AVM toxin. The results of our studies were
inconclusive. Suspicious lesions, but no behavioral effects, were documented in the brain
tissue of grass carp that were fed hydrilla material with the associated cyanobacterium in
field and laboratory studies. Sentinel mallards that were fed the same treatment hydrilla
material in field and laboratory studies developed AVM. Therefore, the suspect toxin
was present in the treatment hydrilla material. Chickens fed tissues from treatment and
control grass carp did not develop AVM.
However, there are a number of factors, including trial duration (6 weeks), low
vegetation consumption rates, and pressure shocking, that may have prevented
documentation of behavioral effects or mortalities in the treatment grass carp. The study
needs to be replicated over a longer time period to assess potential effects and mortalities
due to chronic exposure. Diploid fish should also be evaluated to rule out the presence of
suspect lesions as an artifact of polyploidy induction. The effect of water temperature on
vegetation consumption, and the presence and severity of the lesions in grass carp should
also be assessed. Chickens may not be the best model for food-chain transfer, in this
instance, or the grass carp may not have contained enough of the etiologic agent to cause
AVM. Although there is no way to quantitatively measure the amount of toxin present in
the hydrilla material, based on carcasses recovered and field observations, the winter of
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2004-2005 was a mild year for AVM (A. Dean, pers. comm.). If the trials were
conducted using hydrilla material collected during a severe AVM epizootic, the results
may have varied considerably.

Also, after the conclusion of these studies, Wiley et al.

(2007b) established that the suspect toxin is moderately water-soluble, and future foodchain transfer studies should be designed appropriately.
The swine feeding study failed to produce AVM in a mammalian model. Sentinel
mallards fed the same hydrilla material developed AVM, thus indicating that the suspect
toxin was present. The swine did not find the hydrilla material palatable and may not
have ingested enough material, or the material may not have contained enough toxin to
cause AVM. Gavaging such a large animal with an amount of hydrilla material sufficient
to cause AVM would be very difficult. Laboratory mammalian susceptibility studies
should focus on gavage studies using the putative extract and smaller animal models.
AVM in mammals is also more likely to be documented in the field in animals that
readily consume large amounts of aquatic vegetation, such as beavers, or in scavengers,
such as coyotes, during an AVM epizootic. Future studies should include collection and
examination of these species.
During the opportunistic AVM epizootic assessment, massive mortalities in coots
or other migratory waterfowl were not detected. The results of the banding studies
indicated that symptomatic coots did not recover but died quickly, and that asymptomatic
birds remain outwardly unaffected. However, because symptomatic coots probably
comprised such a small percentage of total coots over-wintering on the reservoir, these
deaths did not translate to a population-level impact. The scavenging rate study indicated
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that carcasses disappear quickly from the shoreline and that scavengers may be
conditioned to this food source during epizootics. Die-offs may go unnoticed in remote
areas and the severity of the epizootic may be underestimated when relying on carcass
recovery alone. Radio telemetry will be a valuable component to include in future
replications of each of these studies.
Impacts on bald eagle productivity were documented during both flight and
ground surveys. Nest productivity declined by 50% from the 2005-2006 season. During
the 2006-2007 season, there were 4 occupied nests, of 19 territories, but only 2 nests
successfully produced and fledged chicks. Both successful nests were located on the
upper lake, which is not infested with hydrilla and the suspect cyanobacterium. This
supports our hypothesis that AVM is caused by a toxin-producing cyanobacterium which
grows epiphytically on aquatic vegetation. Twelve bald eagle carcasses were recovered
during the study, which brings the number of suspected or confirmed AVM mortalities on
JSTL to 44. However, this number is likely much greater since carcasses are scavenged
quickly during AVM epizootics, or may not be recovered from remote areas.
Analysis of the existing AVM research according to the epidemiologic criteria,
strongly supports a causal linkage between presence of the Stigonematalan
cyanobacterium and incidences of AVM. The analysis also identified a weaker causeeffect linkage between incidence of AVM and decreases in bald eagle productivity on
JSTL. A causal linkage was not found between AVM and population level effects in
coots on JSTL. The failure to establish this linkage agrees with the data gathered during
our 2006-2007 AVM epizootic assessment. Gaps in research were identified and are
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primarily in the realm of toxin isolation, characterization, and establishment of a
quantitative dose-response relationship.
AVM continues to impact bald eagle and coot populations on JSTL and in other
affected systems throughout the Southeast. The results of this preliminary management
strategy investigation will be helpful in future management and mitigation plan
development. Establishment of a cause-effect linkage between the suspect
cyanobacterium and AVM, and documentation of AVM-attributed declines in bald eagle
productivity on JSTL, demonstrate the need for continued research and monitoring of
affected systems.
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APPENDIX
Total birds counted, by species, during 2006-2007 winter surveillance flights on J. Strom
Thurmond Lake (JSTL)

Figure A: Total Canada geese counted on JSTL during 2006-2007 winter surveillance
flights.
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Figure B: Total American coots counted on JSTL during 2006-2007 winter surveillance
flights.

Figure C: Total mallards counted on JSTL during 2006-2007 winter surveillance flights.
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Figure D: Total Bald eagles, immature and mature, counted on JSTL during 2006-2007
winter surveillance flights.
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